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ABSTRACT
Electric vehicles have the potential to replace traditional automobiles as the primary
form of transportation. Despite major improvements in technology and an expanding focus
on climate change making electric vehicles more practical than ever before, consumers are
still wary of adopting them for legitimate reasons such as costs and charging infrastructure.
Therefore, a concerted effort must be made to persuade individuals and companies to adopt
this beneficial technology to reduce the carbon footprint and catalyze the construction of
important charging infrastructure.
Though there are a multitude of benefits to adopting electric vehicles, there will be
some negative effects on the power grid as a result of consumers adopting this new
technology. To maintain and improve grid reliability, it is crucial to explore solutions to
mitigate the potential effects of electric vehicles on the grid before widespread adoption
occurs. Many suggested programs require customers to behave in a certain way, such as
shifting their demand to off-peak times, or purchase batteries or chargers with specific
capabilities. However, convincing consumers to participate in these programs is incredibly
difficult, and programs such as time-of-use scheduling may only provide marginal
improvements in grid conditions, like time-of-use programs.
In this thesis, the benefits of electric vehicle adoption in terms of carbon reduction
are observed to determine the benefit to individuals and fleet managers looking to reduce
carbon emissions. Then, the effects of electric vehicles on a residential grid are explored
and the impacts of time-of-use programs are analyzed. Finally, the role of the consumer in
the transformation of the energy and transportation sectors is discussed with an emphasis
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on potential programs and incentives to persuade consumers to adopt electric vehicles and
then aid in mitigating the effects of their charging systems.
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CHAPTER ONE
INTRODUCTION

Background
Energy demand has consistently increased over the last century, reaching a peak in
the year 2019 with a shift in 2020 due to global events as shown in [1]. In addition to
increasing demand, there is also increased pressure to transition the generation mix of the
modern grid away from fossil fuels to combat climate change [2]. Though the earth
undergoes natural heating and cooling cycles, humans increase the rate at which these
cycles progress due to greenhouse gases emitted in everyday processes.

Figure 1.1 Global Energy Consumption by Fuel Type [1]
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To provide reliable energy to customers, utilities upgrade equipment such as lines
and transformers and increase energy generation when necessary to meet rising demand.
After the Public Utility Regulatory Policies Act (PURPA) was passed in 1978, independent
power producers were allowed to connect to the utility grid if they met certain conditions,
allowing for the installation of both residential and large-scale renewable generation onto
the grid [3]. Today, these independent producers provide new challenges for utilities such
as solar panels, and increased battery storage. As these new technologies enter the grid,
utilities are becoming anxious about voltage stability and stress, performance degradations,
and overloads that occur in distribution systems with multiple electric vehicle charging
events occurring simultaneously [4].
While solar panels have been in use for several decades, advances in technology
have made them more efficient and cheaper to install, increasing the probability that
customers will install solar panels on their property or construct large-scale solar farms. As
energy generation transitions to primarily use renewable resources such as solar or wind
energy, energy storage systems will become a crucial component in grid control as a large
percentage of the inertia present on the grid today is lost as turbines are decommissioned
[5].
The main function of mitigation strategies on the grid is to reduce the need to
upgrade existing equipment or construct new power plants. Batteries can do this by storing
excess energy during peak renewable generation and injecting energy into the grid during
peak demand to reduce stress on current generation methods and increase reliability while
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programs such as time-of-use encourage participants to shift their energy usage to off-peak
times.
As electric vehicles (EVs) become more efficient, they will become more prevalent
on the grid as consumers adopt them as a sustainable alternative to current combustion
engines. Though this is good for the reduction of carbon emissions in the transportation
sector, random and uncoordinated charging of electric vehicles with multiple different
types of chargers can cause substantial power losses, stability issues, and potential
blackouts [4]. Despite the challenges that electric vehicles bring to the modern utility grid,
they have a number of advantages for consumers. Electric vehicles can also be used to
provide grid support through programs such as vehicle-to-grid (V2G) and time-of-use
charging (TOU).
Objectives
One aim of this thesis is to analyze the benefits and disadvantages of electric vehicle
adoption for both individual consumers as well as fleet managers, especially in terms of
net-zero carbon emissions goals. Another aim is to analyze system vulnerabilities created
by EV growth and investigate mitigation strategies to determine the potential effects of
EVs on the integrated resource plan (IRP) and utilities over the next fifteen years. Thus,
the overall goal of this thesis is to discuss the benefits of adopting EVs as well as how to
mitigate the problems that can arise on the grid due to the addition of EV charging systems
by analyzing the role of the consumer in these scenarios.
Two case studies will be discussed. The first analyzes the impact that the adoption
of electric or hydrogen-powered vehicles will have on net-zero goals at Clemson
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University to determine the benefits of transitioning current fleet vehicles to use alternative
fuel sources. Several vehicle types are converted to comparable electric or hydrogen
vehicle models to determine how much the university can save in carbon emissions by
undertaking a higher upfront cost for new vehicles and infrastructure. The second case
study observes a real-world residential feeder to determine system vulnerabilities for
various EV penetrations and system loading over a span of fifteen years. Using that data,
time of use (TOU) scenarios will be analyzed to determine the benefit that they provide to
the utility, if any.
Consumer roles will also be explored to provide suggestions for programs and
strategies that encourage consumers to adopt EVs and aid in mitigating the vulnerabilities
caused by vehicle charging and load growth.
Contribution to Knowledge
This thesis defines the role of the consumer in the adoption of electric vehicles,
especially in terms of achieving net-zero goals, and provides potential strategies to increase
adoption of electric vehicles among consumers. Additionally, the consumer role in
mitigation of system vulnerabilities caused by the addition of electric vehicle charging
events on the grid using Time of Use programs is analyzed and alternative strategies for
consumer participation are proposed.
A generalized EV model and procedure for prediction of EV penetration for the
next fifteen years based on customer data types are defined using a case study. This study
addresses vulnerabilities that will potentially arise due to EV penetration levels and
potential mitigation strategies. Time-of-Use strategies are proposed and analyzed in detail
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to determine the impact of such strategies on the integrated resource plan as utilities see
increasing EV penetration levels on the grid.
Layout of Thesis
Chapter 2 introduces the modern electrical grid of the United States of America and
discusses the major problems that will arise with the addition of solar panels, electric
vehicles, and battery storage.
Chapter 3 provides an overview of electric vehicle (EV) development and
implementation. Growth of the EV sector as well as the major barriers for adoption are
discussed along with the advantages and disadvantages that EVs bring for both the
consumer and the electric grid.
Chapter 4 presents several strategies used for mitigation of problems caused by
electric vehicles and discusses both their advantages and disadvantages.
Chapter 5 introduces a case study performed on the vehicle fleet used by Clemson
University to evaluate the impacts of converting new fleet vehicles to electric or hydrogen
fuels on the carbon emissions emitted by the university. Assumptions for this case are
defined and results are presented.
Chapter 6 introduces a case study performed on a highly loaded residential feeder
to evaluate the impacts of electric vehicles on the grid. The feeder is introduced and
methods for determining EV penetration and other feeder characteristics for the study are
defined. Results from the study are also presented.

5

Chapter 7 analyzes the results presented in both case studies and discusses how the
consumer plays a role in these processes as well as suggestions for programs to encourage
certain behaviors when charging.
Chapter 8 provides concluding remarks and additional studies to consider.
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CHAPTER TWO
2.AN OVERVIEW OF THE EVOLVING ELECTRIC GRID
The United States Power Grid
The average daily profile for energy demand for the southeastern portion of the
United States contains a single evening peak during summer and a dual-peak profile during
the winter [6]. Traditional generation sources are large, centralized plants and include two
main categories: load-following plants and baseloaders. Baseloader plants typically
produce power from burning coal or nuclear fission. Since they are designed to run at full
power for long periods, they cannot be quickly controlled to counteract grid fluctuations
[3]. Load-following plants typically operate using pumped hydro or fossil fuels such as
natural gas and can be easily controlled to track predictable changes in load [3].
Though the population of the United States has increased steadily, electricity
demand has not increased at the same rate, resulting in a predicted load growth of 1% per
year [7]. This plateau can be credited to the production of increasingly efficient electric
devices and improvements in manufacturing processes. In addition to the annual increase
in load growth, inclusion of photovoltaic (PV) systems, batteries, and electric vehicles will
create major changes in load behavior from the perspective of energy generation as they
become more pronounced. Though these systems provide benefits in terms of sustainable
generation, they also bring new problems for the electric grid in terms of stability,
protection, and overloads.
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As mentioned in Chapter 1, PURPA requires electric utilities to allow third-party
generation plants to connect to the main grid provided they meet regulatory requirements.
PURPA also requires utilities to purchase power from these independent power producers
(IPPs) at the equivalent cost of the generation of the same amount of power by the utility
[3]. Prior to 1978, utilities had the power to refuse service to IPPs, making the difficult task
of integration of renewable energy up to the utility alone. The passing of PURPA paved
the way for the integration of renewables on the grid by third parties, showing that small,
distributed generation could deliver power at a much lower cost than traditional generation
[3]. This act created a market of competition for power production and allowed for the
addition of distributed energy resources (DERs) such as solar and battery storage onto the
grid. Though PURPA benefits consumers in terms of energy pricing, it requires utilities to
allow generation from renewable sources, which can be unreliable in comparison to
traditional generation methods that can be easily controlled.
The general structure of the North American electric grid can be considered a linear
system with a one-way path from generation sources to loads [3]. Traditional generation
plants utilize fossil fuels and are designed to match current demand with a mixture of base
loaders and load-following plants. These plants exist in a single location and utilize
processes such as nuclear fission, coal burning, or natural gas combustion to produce steam
or rotate a turbine. Distributed energy resources, on the other hand, are smaller, more
decentralized plants that exist throughout a distribution feeder and are typically on the load
side of the meter. Distributed energy resources produce maximum power whenever
possible, even when unnecessary. DERs often have intermittent generation since they
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utilize renewable sources of energy such as solar panels, wind turbines, demand-side
management systems, and batteries.
Decarbonization Efforts
Over the last few decades, the consequences of climate change have become more
prevalent in the form of record high temperatures, increased frequency of natural disasters,
variations in the rain and snow patterns, and an increase in humidity [2]. Figure 2.1 shows
the direct measurements of carbon dioxide with seasonal cycles excluded from 2005 to
December 2021 based on data from the National Oceanic and Atmospheric Administration
(NOAA) [8]. As shown in the graph, the amount of carbon dioxide present is increasing
yearly, contributing to the effects of climate change becoming more pronounced.

Figure 2.1 Monthly Direct CO2 Measurements (2005-2021) [8]
To slow and potentially reverse the effects of climate change, emissions must be
reduced drastically. Specifically, emissions from energy generation and transportation
must be reduced since they are two of the top contributors to carbon emissions globally.
This desire for reduction of carbon emissions has exponentially increased the amount of
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solar penetration on the grid in all types of customers. Decarbonization efforts have also
caused an uptick in sales of electric vehicles as an alternative to traditional automobiles for
both fleet vehicles and residential consumers.
More than 200 major companies have pledged to become carbon neutral before
2050, ahead of the guidelines set by the Environmental Protection Agency (EPA). To be
considered carbon-neutral, companies must either produce zero emissions or remove at
least the same amount of carbon emitted from the atmosphere. This can be in the form of
carbon capture technology or through reforestation. Energy utilities such as Dominion
Energy and Duke Energy have pledged to become carbon neutral before 2050 by shifting
their generation mix to eliminate reliance on coal and increase the percentage of renewable
energy generation [9]. Multiple automobile companies including Ford, Volvo, and GM
have pledged to reach carbon neutrality and pledge only produce electric vehicles by or
before 2050 [10]. Postal companies such as FedEx and the U.S. Postal Service have
pledged to make their fleets more fuel-efficient or all-electric to reduce the emissions
required to support e-commerce [10]. Universities such as Clemson University are striving
for decarbonization by adding solar panels to parking lots and building roofs. In addition
to adding solar panels, they are also considering the construction of a hydrogen electrolyzer
and the conversion of their vehicle fleet from internal combustion engine (ICE) vehicles to
electric or hydrogen. Consumers have also pushed for more sustainable and eco-friendly
options, especially for transportation, incentivizing companies to design and manufacture
more eco-friendly vehicles.
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PV and Battery Systems on Distribution Feeders
Solar Energy on the Grid
According to the National Renewable Energy Laboratory (NREL), approximately
98% of the United States receives more than 4 kWh/m2/day of direct solar energy, making
it a viable source of renewable energy with a lot of room to expand [11]. The average cost
of solar panels has dropped approximately 70% between 2014 and 2021, allowing the
market for solar to expand rapidly in both commercial and residential settings to produce
approximately 97.2 GW of energy annually [12]. However, most of the energy generated
from PV in the United States, especially the Southeast, is from utility-scale PV rather than
residential customers. Decreasing installation costs and implementing tax incentives or
credits from utilities gives residential customers more reasons to consider installing rooftop
solar panels. It is important to note that it can be difficult to estimate the actual amount of
solar energy generated in a distribution feeder since residential customers may not notify
their energy provider of new installations, especially small-scale installations.
At the end of Q3 2021, California had the highest solar electric capacity of any state
in the U.S. with a generation capacity of 32,209 MW [13]. When large amounts of solar
generation are added to the grid, challenges arise for utilities and system operators,
especially as the generation mix for an area becomes largely based on solar generation. In
2013, the California Independent System Operator created a chart showing the difference
between available solar generation and demand throughout a day. Since its release, this
chart, called the “duck” curve, has become commonplace since it contains valuable
information for generation and reliability of the grid [14]. The duck curve represents the
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net load for a spring day in California when the weather is sunny, but energy demand is
lower due to cool temperatures [14]. This curve shows that utilities need to plan for
increased integration of solar energy on the grid, but also gives insights to three main points
of system reliability.
The Duck Curve
Historically, electricity demand is lowest during the period from 8 AM to 5 PM, a
time when most residential customers are at work and do not need to use lights or large
appliances. As customers return home in the evening and begin to perform household tasks
such as cooking and laundry, demand increases, and peaks as shown in Figure 2.2. Though
residential demand has historically been at its lowest during the middle of the day, solar
generation is at its peak. PV panels are considered generation sources on their own, so they
are seen as “negative load” by the distribution grid since they typically reside behind the
customer’s meter.
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Figure 2.2: Duck Curve [14]
Since PV generation and customer electricity demand have an inverse relationship,
the grid can potentially see large fluctuations in demand throughout the day as operating
conditions change. Unfortunately, these fluctuations will continue to become problematic
in magnitude and frequency as more customers install solar panels, and electric vehicle
charging stations. Increased magnitude of fluctuations in demand increases the slope of the
duck curve which will cause traditional sources of generation to struggle to match the
demand. This is due to the physical limit on the maximum ramp rate for a source. When
solar generation is at its peak and demand is at its lowest, less generation is required,
making the risk of overgeneration possible, even if only baseloader plants are online at that
time. Historically, overgeneration periods have been resolved by exporting power to areas
that require more generation. However, as more solar generation is utilized on the grid, this

13

will become a less viable option for utilities, requiring them to research other methods of
storing or utilizing excess energy during peak solar generation to reduce excess energy
while holding required ramp rates to meet the evening peak consistent. Regulation of
overgeneration will likely be combatted by the addition of grid-scale batteries or the
charging of electric vehicles during that period of the day.
Energy Storage
Energy storage increases energy demand during valleys by absorbing excess energy
and releases energy during peaks to reduce the amount of generation required. Grid-scale
batteries are useful in shifting generation to peak demand times and regulating grid
quantities during off-peak times. Though there are significant benefits to batteries, they are
only beginning to become commonplace on the electric grid due to their implementation
costs. However, as costs decrease, the number of batteries present on the grid will grow.
Reduction of Grid Inertia
Another major impact of solar generation and battery storage, both for grid-scale
and electric vehicles, is that solar panels and batteries have no physically rotating parts to
produce power, and therefore have no way to aid in grid regulation via inertia. This means
that during the middle of the day, the grid will have significantly less physical inertia
available to aid in frequency regulation, especially during weather conditions such as rain
when solar energy becomes less predictable. This lack of inertia will require the addition
of systems to create “virtual inertia” to replace the lost capacity of mitigating small-scale
grid fluctuations that do not require dispatching other resources.
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Inverters
Integration of photovoltaic cells can also affect medium and low-voltage
distribution networks. Since solar panels produce direct current, inverters are required to
interface with the current AC grid. These inverters, though improving with time, can
produce significant levels of harmonic distortion even after addition of filters. At gridscale, this distortion increases and can potentially cause distribution feeders to operate
outside of IEEE 519 which says that the total harmonic distortion and total demand
distortion of both voltage and current must be restricted to a certain level. If operation
occurs outside of the limits given by IEEE 519, equipment could be damaged, potentially
costing utilities large amounts of money. One study in [15] investigates a 250-kW gridconnected PV system and its harmonic effects and compares them to IEEE 519’s limits.
This study concluded that harmonic distortion directly correlates with cloud cover and that
longer distribution lines increased the total harmonic distortion of voltage. It is important
to note that as power electronics become more efficient, harmonic distortion will become
less of an issue.
Power Factor Reduction
When large numbers of solar panels are present on a distribution feeder, the power
factor reduces significantly. Source [16] shows this using a simulation of a distribution
feeder with significant PV added and found that the power factor dropped as low as 0.465.
Significant reductions in power factor can cause outages, steady-state disturbances, voltage
unbalances, and fluctuations in current and voltage. In addition to potential damage to
equipment, a reduction of this magnitude could potentially cost billions annually. Since
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most residential homes are single-phase, it is possible that the addition of rooftop solar
could cause more significant voltage unbalances on a feeder if it is not added equally to all
three phases. This increase in voltage unbalance can potentially affect industrial and
commercial customers, causing damage to sensitive equipment that uses three-phase
power. However, if updates occur to IEEE 1547 to require that DERs such as PV, be able
to provide reactive power support, this effect may be minimized [17].
Regulator Changes
Solar generation results in more frequent voltage regulator tap changes since the
energy from the sun can be unpredictable. This can cause the voltage of the feeder to rise
or drop quickly, requiring a larger number of tap changes from the regulator to maintain
optimal operating conditions. This results in increased maintenance and replacement costs
to keep regulators running properly. Protection devices on a feeder may also be affected
by the addition of PV requiring different settings or more frequent replacement. A study
done in [18] studied these effects and saw that there was a reduced fault current at
overcurrent relays, preventing the relay from operating during a fault. A loss of
coordination between protection devices was also observed as well as sympathetic tripping
of one feeder due to a fault on an adjacent feeder [18]. A variety of issues were seen when
considering rapid reclosing schemes for temporary faults in the presence of high amounts
of PV [18]. However, there are easily implementable solutions for this. One solution to
reduce the effects of PV on a feeder is to provide alternative settings for protection devices
in areas of high PV penetration [19].
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CHAPTER THREE
ELECTRIC VEHICLE DEVELOPMENT
Modern Vehicle Classes and Classifications
The United States Department of Transportation recognizes eight different vehicle
classes based primarily on the number of axles. These eight classes can then be simplified
into three main categories by weight: light, medium, and heavy-duty [20]. Light-duty
vehicles weigh less than 10,000 pounds and include passenger vehicles such as SUVs,
pickup trucks, and sedans. Medium-duty vehicles weigh between 10,001 and 26,000
pounds and include vehicles such as small school buses, utility vans, passenger vans, and
bucket trucks. Heavy-duty vehicles weigh more than 26,000 pounds and include vehicles
such as large buses (city transit) and freight trucks [20].
EV Development and Charging Structure
The first passenger electric vehicles emerged in the United States around 1890 and
were comparable to an electrified wagon [21]. During this period, multiple engine types
were utilized for cars including steam engines, gasoline-powered vehicles, and electric
motors powered by batteries [22]. In the early 1900s, electric vehicles made up 28% of the
market for passenger vehicles and were the dominant fuel type for many urban areas.
Battery-powered vehicles are quiet, mostly odorless, and do not have the same level of
vibrations associated with steam or gasoline-powered engines, However, they also do not
have the same range, speed, or low cost as their ICE counterparts. As a result, internal
combustion engines with improvements made by integrating electronic components began
to dominate the market in the 1920s since they had a higher top speed and a longer travel
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range [22]. Though they have a much shorter range and require more frequent fueling
events than their ICE counterparts, EVs can convert approximately 77% of stored electrical
energy to useable mechanical energy, compared to only 30% that can be efficiently
converted by ICE vehicles, making them more efficient in converting that energy into
motion [23].
Approximately one hundred years after electric vehicles were first introduced, they
reemerged as an alternative to gasoline-powered vehicles to reduce carbon emissions from
transportation and fuel consumption. Today, there are four categories of electric vehicles
recognized by the International Energy Agency. They include hybrid vehicles (HEVs),
plug-in hybrid vehicles (PHEVs), battery electric vehicles (BEVs), and fuel-cell electric
vehicles (FCEVs) [24]. HEVs use gasoline-powered internal combustion engines as the
main form of propulsion at driving speeds, but utilize a small electric motor charged by the
alternator in idle or at low speeds. Unlike HEVs, PHEVs utilize a larger battery that is
charged primarily using an external power source rather than by the car’s alternator. BEVs
have no internal combustion engine and utilize only an electric motor. That means that the
only source of propulsion and energy for the vehicle is the battery and that it must be
recharged from some type of charging station. FCEVs use alternative fuel sources such as
hydrogen in fuel cells to generate energy to power the vehicle. FCEVs are not currently
very common and do still have carbon emissions unless the hydrogen used to power the
vehicle comes from green hydrogen that comes only from renewable resources, making
finding sustainable fuels more difficult.
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Electric Vehicle Charging Levels
There are currently three standardized levels of charging for EVs according to the
Society of Automotive Engineers (SAE). The three levels differ in both charging time
required and instantaneous power draw. Level 1 charging does not require any extra
hardware and utilizes the standard 120V electrical outlet for charging by utilizing the
onboard converter of the vehicle [25]. Though it has a low instantaneous power draw and
therefore low energy demand, a maximum of 3.5 kW, it is incredibly slow, charging at a
rate of 5 drivable miles per hour [25] [26]. Level 2 charging utilizes 240V outlets and have
a maximum power draw of 19.2 kW [25]. These chargers can charge at a rate of about 25
drivable miles per hour [26]. Level 3 charging, also considered fast charging, requires extra
standalone hardware due to high voltage and current and can utilize AC or DC power. If
the output of a charger is DC, the onboard converter of the vehicle is bypassed and the
battery is charged directly without the limitations that the converters have on current,
allowing it to charge much faster than if the output was AC and utilized the onboard
converter. Level 3 chargers utilize voltages of at least 480V and have a power draw of more
than 19.2 kW [25]. It is important to note that most vehicles will be unable to charge at
these power ratings due to current circuit structure, safety requirements, and limitations
placed on vehicles by manufacturers. In fact, most current Level 1 chargers on the market
have a charging power between 1.4 kW and 1.92 kW while Level 2 chargers range from
3.84 kW and 9.6 kW [27].
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Electric Vehicle Charging Locations
Electric vehicle chargers can exist in both private spaces, such as a customer’s
garage or driveway, and public spaces, such as parking lots or dedicated charging stations
with charging stalls similar to current gas stations. Level 1 and Level 2 chargers are more
commonly seen in residential spaces since they do not require extra hardware while Level
3 chargers will be reserved for larger charging stations.
Future EV Growth
As mentioned in Chapter 2, the desire for decarbonization has caused an explosion
of new electric vehicle technology innovation and adoption from light-duty passenger cars
to heavy-duty freight vehicles. 2020 ended with approximately 10 million electric vehicles
on roads worldwide and despite an overall drop in vehicle sales in 2021, sales of EVs
increased over 40%, accounting for 4.6% of vehicle sales [28]. It is projected that this trend
will continue in the future as more charging infrastructure is installed [28].
A 2018 study performed by the Edison Electric Institute projected electric vehicle
sales from 2018 to the year 2030 utilizing data from multiple sources including Bloomberg
New Energy Finance, Boston Consulting Group, Energy Innovation’s Energy Policy
Simulator, the US Energy Information Administration, and Wood Mackenzie [29]. These
sources were utilized since they included customer preference models to determine interest
in electric vehicle adoption, declining battery costs that make EVs more comparable to
internal combustion engines, fuel efficiency standards, and environmental regulations [29].
The results of this study predict the number of electric vehicles on the road will exceed
18.7 million by the end of 2030, making up approximately 7% of all light-duty vehicles on
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roads in the United States [29]. Figure 3.1 and Figure 3.2 show the projected EV stock and
percentage of total vehicle sales from the study done by the Edison Electric Institute [29].
The projected data in Figure 3.1 and Figure 3.2 show a steady increase in both EV stock
and percentage of sales. The rate of increase for both forecasts will be affected by outside
influences such as the introduction of incentives, a decrease in EV price, or an increase in
the availability of vehicles and charging infrastructure. The data sources used by the Edison
Electric study also vary, giving projections anywhere from 1.5 million to 6 million new
EVs on the road in 2030 [29]. However, all studies observed an increase in EV stock and
a resulting increase in charging infrastructure required by 2030.

Figure 3.1 Projected EV stock in the United States [29]
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Figure 3.2 EV sales as a percentage of total vehicle sales [29]
The North Carolina Department of Transportation (NCDOT) provided actual data
for electric vehicle registrations from December 2018 to December 2021 [30]. This data is
shown in Figure 3.3. From December 2018 to December 2019, the number of EV
registrations increased linearly. Registration stagnated during the first half of 2020, but as
stated previously, fewer automobiles were sold in 2020 due to the availability of resources
[30]. There was also a shift from working in the office to working from home during this
time, affecting how often consumers were traveling. However, as more people return to
work and availability of EVs increases, the upward trend of EV registration has returned
and will likely continue to do so, following the projections in Figure 3.1.
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Figure 3.3 Number of total EVs registered in North Carolina [30]
Barriers to EV Adoption
According to a 2020 survey done by Castrol, more than 60% of consumers want
additional developments to occur in battery technology before making the switch to an
electric vehicle [31]. Out of 750 fleet managers surveyed, more than half of the fleet
managers are waiting on competitors to adopt EVs into their fleets first [31]. This study
surveyed 9,000 individual consumers who currently possess a valid driver’s license and
consider themselves responsible for the purchase and upkeep of their vehicle and 750
fleet/transport managers who are responsible for making purchasing decisions for company
fleets [31]. According to this data and other similar surveys, there are five major barriers
to EV adoption among consumers. They include vehicle price, charging time, driving
range, charging infrastructure, and vehicle choice [31].
Vehicle Price
Approximately two-thirds of the consumers surveyed by Castrol are hesitant to
purchase an electric vehicle since the cost is currently out of their price range [31]. Kelley
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Blue Book states that the average price of an electric vehicle in 2021 was $56,437,
approximately $20,000 more expensive than the average price of $36,000 for a traditional
light-duty vehicle in the United States [32] [31]. In order to have more consumers adopt
electric vehicles, the price must be comparable to cars with internal combustion engines.
Vehicle price was considered the most important factor for EV adoption among individual
consumers surveyed [31].
Charging Time
The required time to charge an electric vehicle is a second major obstacle to EV
adoption. The average time taken to refuel a traditional ICE vehicle is between two and
five minutes and provides a median range of 410 miles [33]. The Tesla Supercharger, the
fastest EV charger on the market currently, provides up to 200 miles on a 15-minute charge
[34]. However, charging time for an electric vehicle varies widely based on battery type,
charging level, state of charge, and charger type. For example, a Nissan Leaf with a 40
kWh battery takes up to 11 hours to fully charge using a Level 2 charger at 240V [35].
According to consumers, the maximum desired charging time for widespread EV
adoption is about 30 minutes, which is approximately 10 minutes less than the average
length of a grocery shopping trip in the United States [31] [36]. Though this is a much
longer time than it takes to fuel an ICE vehicle, EV chargers, unlike traditional fueling
stations, can be left unattended, leaving the driver free to perform other tasks while the
vehicle regains drivable range.
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Battery Range
The Natural Resources Defense Council (NRDC) estimates that the average
American consumer drove 31 miles daily in 2019, a distance easily covered in a single
charge of an electric vehicle [26]. Tesla recommends that customers plug in their vehicle
nightly to top off batteries, but when traveling or in a remote area, nightly charging may
not be available [34]. A small percentage of consumers may choose not to plug in their
vehicle nightly due to concerns of increased electricity demand or potential long-term
battery damage, making it important that EVs have a significant driving range on a single
charge. A substantial driving range is extremely important for potential EV owners because
consumers are less likely to purchase vehicles that do not allow them to travel long
distances without stopping for hours at a time, especially if better options are available.
Surveyed consumers in Europe say that for widespread adoption to occur, EV ranges must
be at least 469 km (292 mi) for individual consumers and 550 km (342 mi) for fleet
managers [31].
Vehicle Options
Vehicle model options are another critical category for many potential EV buyers.
There are hundreds of vehicle makes/models for ICE vehicles, but a limited selection of
makes/models for electric vehicles with a limited number of features. Over half of the
consumers and fleet managers surveyed by Castrol say that they would be more likely to
purchase an electric vehicle if they could buy an electric version of their preferred ICE
vehicle [31]. This desire stems from brand loyalty as well as consumer familiarity with
popular ICE vehicle models that have existed for decades with small changes between
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annual models. While this is less important to individual consumers, fleet managers rank
vehicle choice as their second highest priority after driving range [31].
Charging Infrastructure
For consumers to adopt electric vehicles, charging infrastructure must expand, but
for charging infrastructure to expand, consumers must adopt electric vehicles to make the
installation worth the required costs. The federal government and multiple state
governments have created incentives for consumers to purchase electric vehicles and there
are several initiatives currently active to encourage the installation of charging stations to
expedite the creation of charging infrastructure in the United States. Other Asian and
European countries have created similar incentives for their regions as well to encourage
the adoption of electric vehicles. Seventy percent of the 9,000 consumers surveyed by
Castrol believe that widespread adoption of electric vehicles will occur once EV charging
stations are as easily accessible as current fueling stations [31]. The ability to charge EVs
at home, work, or somewhere close to either location was ranked as extreme importance
by surveyed consumers [31].
EV Advantages
Carbon Reduction
Since electric vehicles have no tailpipe emissions, driving an EV instead of an ICE
vehicle reduces the carbon emissions produced annually within the transportation sector.
However, there are still carbon emissions associated with EVs unless they are charged
using only renewable energy sources such as wind or solar due to the emissions associated
with energy generation [37]. Many utilities, including Duke Energy and Dominion Energy,
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have set decarbonization goals for 2035. Therefore, an EV purchased today will have fewer
emissions in 2030 since the electricity used to charge the vehicle will have a lower
percentage of non-renewable sources. Figure 3.4 shows the Generation Capacity Mix for
Duke Energy Carolinas for December 2021 and planned generation mix for December
2035 [38]. It can be noted that the percentage of renewable generation capacity increases
from 5% to 20% while reliance on coal reduces from 18% to 4% [38]. This means that if
the capacity graphs shown represent the percentage of each type of generation for a single
kW, more of the generation per kW will be from renewable sources.

Figure 3.4 Duke Energy Capacity Mix 2021 and 2035 [38]
Decreased carbon emissions are good for the environment, but also allow vehicles
into spaces that they could not previously go. Internal combustion engines emit carbon
monoxide, a gas toxic to humans and animals, so operating an ICE vehicle in an enclosed
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space is incredibly dangerous. However, electric vehicles do not have carbon emissions
and are safe to operate indoors or in enclosed spaces [39]. This allows electric vehicles to
penetrate areas they were previously unable to go such as inside of small factories,
greenhouses, garages, etc. to increase efficiency of transport in those areas. This is
especially helpful for indoor farming since crops can now go directly from the plant to the
truck that will carry it without requiring other machines or operators to intervene.

Electric vehicles require less oil and other fossil fuels to travel the same distance as
their ICE counterparts. BEVs, using zero gasoline, and FCEVs can travel much larger
distances on the same amount of oil [40]. According to the Electric Power Research
Institute (EPRI), HEVs use 36% less oil annually while PHEVs use 67% less. EVs also
have an efficiency of nearly 75% while ICE vehicles have an efficiency of about 20%,
making the unit cost for fuel far less than traditional vehicles on the market [40]. This
reduction in oil use in addition to the planned increase in renewable energy penetration on
the grid allows for decreased dependence on other countries for energy, especially oil
products.
Reduced Maintenance Costs
EVs have a higher initial price tag but can save consumers in the long run. AAA
claims that fuel to drive 15,000 miles annually costs $546 for an EV, but $1,255 for an ICE
vehicle, a 130% difference [41]. Not only is it cheaper to charge an EV since electricity is
an average of 10.4 cents per kWh in the United States compared to upwards of $3 per
gallon for gasoline, but it costs less to maintain an EV than ICE vehicles [42] [41]. Since
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EVs do not require air filter replacements or oil changes, they do not need as much
maintenance, saving owners up to $950 annually on upkeep costs [41].
Vehicle Safety
Since the majority of the components in an EV are physically lower than the
components on an ICE vehicle, electric vehicles have a lower center of mass [43].
Additionally, EVs are heavier due to the added weight of batteries [43]. Research shows
that being in a heavier vehicle results in less force on the body in the event of a crash,
making it less likely for drivers and passengers to be injured [43]. According to the
Highway Loss Data Institute, electric vehicle claims come in 40% less often than claims
for identical ICE vehicles [43].
Vibrations and Noise
Electric motors make very little noise in comparison to internal combustion
engines. In fact, electric vehicles are almost completely absent of noise. EVs also have
much less vibration than ICE vehicles since they have fewer moving components under
the hood. While this is good in places where EVs need to be quiet, it can also be problematic
since engine noise typically masks noise from the road or wind that can cause driver
fatigue, and without noise, pedestrians may not be able to hear a car coming [44]. However,
this has introduced an entirely new field of research to “soundscape” vehicles for drivers,
making it possible to shape the experience of being in a vehicle by manipulating the sounds
heard inside of the cabin.
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EV Disadvantages
Increased Electrical Demand
While electric vehicles have several advantages, they also have disadvantages that
must be addressed, especially when it comes to the reliability of the power grid. The most
prominent issue caused by the addition of electric vehicles onto the grid is increased load.
Since modern BEVs and PHEVs must charge from the electrical grid at some point in time,
there will be a period where the grid sees the vehicle as a load. Uncoordinated charging,
where the utility has zero control of when or where an electric vehicle plugs into the grid,
of electric vehicles has the potential to overload grid devices, violate regulatory constraints,
and drastically reduce grid reliability [45].
Ideally, EVs owners would charge their vehicles during the middle of the day when
demand is low and renewable generation from solar energy is high. This would mean that
most EV owners charge their vehicles while at work. Though this would be the best
scenario for utilities, it is not as practical for consumers. Since charging using a Level 1
charger takes up to 20 hours to charge a Nissan Leaf (40-62 kWh battery) from dead to
fully charged, it is impractical to use for workplace charging, especially as battery sizes
increase over time [46]. Therefore, Level 2 or Level 3 chargers would be needed and unless
a charger is installed at every parking space, EV owners may need to move their cars
throughout the day to charge all of the electric vehicles present, which may become
disruptive to the workplace over time.
Based on consumer ease of use, home charging is the most likely scenario.
However, this will likely impact the residential grid during the evening peak since electric
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vehicle owners are more likely to charge at home upon returning from work, making it
essential for utilities to plan for how to mitigate overloads that may occur to avoid damage
to equipment. A preference for home charging was shown to be a valid assumption based
on an analysis done on uncoordinated EV charging data by the Oak Ridge National
Laboratory [47]. As consumers return home for the evening to cook dinner, do laundry,
etc., they conveniently plug in their EV to have a fully charged battery by morning. Many
manufacturers also recommend plugging in vehicles nightly to maintain the health of the
battery [34].
Since plugging in EVs in the early evening correlates with the evening peak, it is
possible to see overloads of equipment along multiple feeders, especially in the summer
months when equipment capacity is lower due to elevated temperatures with a higher
evening peak due to increased running of HVAC systems. This increased peak due to EVs
will only emphasize the issues already observed in the duck curve since the slope of the
curve in the late afternoon/early evening will only continue to increase without
intervention. Several researchers have done studies to determine the impacts of PHEVs on
generation. A study in [48] concluded that using an optimized charging schedule for
PHEVs resulted in up to 50% EV penetration in a Midwestern utility’s system before
additional generation was required. Other studies show that high penetration levels may be
possible if PHEV charging is optimized to utilize off-peak charging times [49]. Both of the
studies mentioned here and the case study in Chapter 6 assume that some level of control
is given over charging times.
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Increased Regulator Operation
Fluctuations in demand inversely affect the grid voltage, but grid voltage must
remain within certain constraints per IEEE standards. To combat these fluctuations so that
grid operations remain within the valid range, voltage regulators (VRs) and load tap
changers (LTCs) are utilized throughout the grid for stability and to keep voltages
constrained. Uncoordinated EV charging will increase electricity demand during current
peak periods, especially during the summer when peak solar generation occurs and peak
demand is earlier in the evening, requiring VRs and LTCs to switch more frequently,
potentially multiple times in less than an hour. This increase in switching frequency may
not seem important at first but will result in increased maintenance costs and reduce the
lifespan of the equipment on the grid, which could cost utilities millions of dollars in the
long run.
Harmonic Distortion
Since electric vehicles use DC circuits instead of AC, a converter is required for
charging from the grid. However, all current power electronics have some amount of
harmonic distortion, deviation of a voltage or current value from a purely sinusoidal
waveform, that can potentially cause increased line inefficiencies and equipment overloads
[50]. These increased inefficiencies and overloads can potentially cause more frequent
accidental operation of protection devices on the circuit [51]. IEEE 519.1992 states that
harmonic distortion can affect all distribution equipment, motors, and power electronics
[50]. In the study performed in [50], harmonic distortion was highest during the latter half
of the charging cycle when current tapers off rather than during the ramping period at the
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beginning of the cycle. However, as improvements have been made in power electronics
and smart charger designs, total harmonic distortion is reduced with the addition of a filter
and is not as much of a concern for future charging infrastructure [52].
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CHAPTER FOUR
MITIGATION STRATEGIES
The previous section detailed problems that electric vehicles will bring to the grid.
Chapter Four discusses strategies currently being explored to mitigate problems caused by
EV charging on the grid.
Traditional Mitigation Strategies
One way to mitigate issues created by electric vehicle charging infrastructure is to
simply replace overloaded equipment such as lines, customer transformers, regulators, etc.
However, replacing a large number of individual components can be time consuming and
expensive for utilities to send crews to manually install and inspect. Therefore, it is
advantageous to explore non-traditional mitigation strategies that can provide more than
just equipment overload prevention. These assets would ideally reduce overloads, but also
provide an increase in reliability, distributed generation, or increase in stability.
Battery Energy Storage Systems (BESS)
As distributed generation and electric vehicles are added to the grid, maintaining
balance becomes more challenging and the addition of energy storage becomes crucial for
efficient operation [3]. For decades, the only efficient form of bulk energy storage was
pumped hydro, but modern energy storage systems include multiple different categories
including mechanical, chemical, thermal, and electrochemical. Some examples of modern
storage methods include compressed air energy storage, flywheels, ultracapacitors, and
biofuels [3]. Storage systems can be used to level loads, perform peak load shaving, can be
dispatched during power delivery interruptions, and improve transient stability [53].
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Batteries, a form of electrochemical storage, are becoming increasingly common,
especially on the grid since technology has advanced and costs have decreased. Battery
storage systems (BESS) are one of the most modular forms of energy storage on the market
and can be integrated into most applications. Utilities have installed BESS on the grid to
improve power quality, provide voltage support, load frequency control, and peak load
shaving to increase the reliability of power delivery for customers [53]. In addition to these
services, battery installation can also aid in overload mitigation, time shifting, and damping
of ramp rates, allowing equipment to be used longer before needing upgrades to account
for load growth [54].
Grid-scale batteries have two major drawbacks: lifespan and costs. The average
distribution transformer has a lifespan of 35 years [55]. However, molten sodium batteries
have a lifespan of up to 15 years, which is significantly longer than current lithium-ion or
lead-acid batteries [56]. In addition to the shorter lifespan, BESS devices also have higher
equipment costs, putting them at a significant disadvantage compared to traditional
mitigation strategies when making a business case [57]. This cost increase makes it
difficult, if not impossible, to have a positive return on investment when only considering
energy arbitrage and peak load shaving and therefore tends to have weak economic cases
[58]. Even in cases considering the postponement of equipment upgrades, costs for BESS
greatly exceed costs for installing traditional mitigation strategies [57].
Vehicle-To-Grid (V2G)
As discussed in previous sections, electric vehicles are projected to have a growth
in adoption rates at least through the year 2035, making them a widely available unit of
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energy storage. Though the intended use of this stored energy is to create mechanical
energy to move the vehicle, it can also be used to perform grid support functions since the
grid can see EVs as both a battery and a load, provided that it has a bidirectional converter.
Vehicle-to-Grid services can make an electric vehicle battery act as grid storage on
a small scale. V2G can provide grid support but does not have the same storage capacity
as a grid-scale battery. However, the cost associated with EVs is much lower than the costs
associated with grid-scale batteries since consumers will need to charge EV batteries from
the grid at some point in time, making this method economically viable for utilities since
it only costs them an agreed upon compensation. It is estimated that vehicles are parked up
to 95% of the time, making them readily available for grid support services for most of the
day [59].
One downside to V2G implementation is the fact that it requires a large number of
EVs to participate in the program since a single 100 kWh battery will not have much of an
effect on the energy demand beyond a portion of demand for a single household. However,
in large numbers, like dedicated parking lots for EVs to participate in V2G, there is a
substantial potential of active and reactive power with relatively low infrastructure costs
[60]. An extra advantage of V2G-specific lots is that they can provide significant reactive
power compensation, up to 95% reduction of line losses, using very little charge from the
onboard EV battery [60].
Since large numbers of vehicles are required for V2G parking lots, it will be
difficult to convince enough customers to participate in these programs, especially at
current EV penetration levels. Although there are many grid-scale benefits to V2G
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applications, many EV owners are skeptical of participating in programs that will diminish
the state of charge of their vehicle. In the short term, owners may have concerns that their
battery will not have enough charge if they were to need to leave in an emergency before
their participation time in V2G ends or that their battery will not be charged at the end of
the V2G participation cycle. However, in the long term, repeated discharging of the battery
for grid support can cause increased wear and tear on EV batteries, decreasing their
charging capacity and drivable range. This can potentially cost EV owners thousands,
especially if a battery replacement is required.
Even if the majority of current EV owners were willing to participate, the
infrastructure must be installed and accessible to the public. Unlike regular charging
stations, V2G stations will require bidirectional chargers to feed power to and from the grid
as well as aggregators to interface between EVs and operators or data centers. For EV
owners to take on these risks, they will need significant compensation for participating in
programs and the risk will need to be minimized by utilizing driving data to determine the
best state of charge to leave a vehicle with at the end of the V2G cycle [4].
Time-of-Use (TOU)
Since an EV can be thought of as a removable load with an optimizable load curve,
EV owners can be convinced to charge their vehicles at certain times by implementing
TOU rates [61]. TOU strategies are available for many utility customers with
approximately 10% of customers participating in TOU programs [62]. Time-of-Use
strategies encourage customers to tailor their demand to benefit utilities by giving lower
electricity prices during off-peak times and higher prices during peak times. Consumers
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can save money on their electricity bills by shifting controllable energy use, such as
washing machines, dishwashers, EV charging, etc., to fall into an off-peak time rather than
using these appliances when demand is already incredibly high [63]. This benefits utilities
by aiding in flattening the demand curve, mitigating some of the effects of the previously
discussed duck curve.
TOU rates are considered static when they have varying prices throughout the day
but keep the same pricing schedule each day. Rates are considered dynamic if they vary
throughout the day and do not have the same pricing schedule each day and instead use
real-time pricing [61]. TOU programs, both static and dynamic, can be applied to
customers using two different methods: opt-in and opt-out. Opt-in programs require
customers to choose to participate in the program while opt-out programs automatically
enroll customers in the program and give them the choice to withdraw their participation
[62]. Opt-out programs tend to have a higher rate of adoption since customers do not have
to actively seek out programs to join [62]. However, convincing customers to participate
in these programs has proven difficult. To convince customers to participate in TOU
programs that benefit utilities, they must have incentives that make it worthwhile to
customers.
In [62], it is suggested that adoption of TOU rates can fall anywhere between 1%
and 43% in most cases. The numbers are even more favorable in the case of opt-out TOU
rates, where adoption rates may surpass 57% [62].
By manipulating charging costs throughout the day, utilities can encourage EV
owners to charge during the middle of the day when DER generation is at its peak or during
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the middle of the night once the evening peak has subsided even though this is not the
preferred charging time for consumers. Since most consumers follow a daily pattern, TOU
can create reliable mitigation for PV backfeed during midday and avoid evening peak
increases due to plugging in EVs if executed well.
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CHAPTER FIVE
UNIVERSITY FLEET VEHICLE CASE STUDY
Motivation
Clemson University is among several universities that have pledged to be carbon
neutral by 2030. Two major categories of work to meet this goal include a 20% reduction
in energy use by 2020 (a goal that was met) and a 10% increase in renewable energy by
2025 [64]. The transportation sector emits 16.2% of global greenhouse gases per year, as
shown in Figure 5.1, making it a critical component in reducing carbon emissions,
especially since university owned vehicles are an asset easily controlled by the university
[65].

Figure 5.1 Global Greenhouse Gas Emissions by Sector [65]
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Existing Transportation Improvements
Several steps have already been taken to discourage students and faculty/staff from
driving to campus every day since commuting to campus generates approximately 7% of
carbon emissions yearly [66]. Commuters are encouraged to utilize the Clemson Area
Transit Bus System (CATBUS) as an alternative to driving to campus as a single bus at
full capacity keeps up to 50 ICE vehicles off the road [66]. Emissions are further reduced
by utilizing the CATBUS system since all of the 40-foot buses utilized by the service are
electric and the charging stations utilize solar panels to minimize power draw [67] [66].
For commuters that cannot utilize the CATBUS system, other options exist. The
implementation of carpool programs encourages students to ride with friends or roommates
to decrease the number of vehicles driven to campus [66]. Students are incentivized to
participate in the program with parking permit discounts and preferred parking [66].
Faculty and staff are encouraged to drive Low Emission Vehicles (LEVs) and incentivized
by being permitted to park in preferred parking throughout campus [66].
Fleet Vehicle Conversion
Though there are several options to reduce emissions from commuters, other
categories must still be addressed in the transportation sector to further progress towards
the net-zero goal. Universities typically have a vehicular fleet composed of buses, vans,
and SUVs to provide both public transportation and services (maintenance, delivery, etc.).
While the exact makeup of these fleets is typically proprietary, they often contain the same
categories of vehicles. For this case study, both electric and hydrogen vehicles were
considered. It is also assumed that hydrogen utilized is green hydrogen, coming from
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completely renewable resources. This means that there are no emissions associated with
hydrogen vehicles for this study.
Shuttle Buses
Shuttle buses are often referred to as mini-buses or short-buses. They typically have
a capacity of 15 passengers. Since shuttle buses are smaller than most buses, they are more
similar to SUVs than school buses. Figure 5.2 shows an example of a shuttle bus that is
common in most transportation settings. An electric alternative to the Ford E-450 shuttle
bus is the Motiv Shuttle Bus. This bus is built on the same chassis as the Ford E-450 but
utilizes a battery and electric motor instead of an ICE engine and fuel tank [68]. A
hydrogen-fueled alternative to the traditional shuttle bus is the US Hybrid H2Ride Fuel Cell
Plug-in Shuttle Bus which is also built on the chassis of the Ford E-450. Table 5.1 shows
a comparison between each of the three shuttle bus models [68] [69].

Figure 5.2 Ford E-450 Shuttle Bus [68]
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Table 5.1 Vehicle Comparison Shuttle Bus [68] [69]
Vehicle
Ford E-450
Motiv
Shuttle Bus
US Hybrid
H2Ride

Drivable
Range
330 mi

Battery/Fuel
Tank Size
55 gal. gasoline

Battery
Charging Power
N/A

105 mi

127 kWh

19.2 kW

200 mi

19.28 kg H2

6.6 kW

Passenger Vans
Passenger vans are extremely similar to shuttle buses but do not have a distinct
hinge door. They also resemble delivery vans used by most fleets currently but can hold up
to 15 passengers. Figure 5.3 shows a common passenger van model on the market. An
electric alternative to ICE passenger vans is the Lightning Electric Zero Emission Transit
Passenger Van and a comparable hydrogen vehicle is the HYVIA Renault Master Van H2TECH van [70] [71].

Figure 5.3 Ford E-350 Passenger Van
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Table 5.2 Vehicle Comparison Passenger Van
Vehicle
Ford E-350
Lightning
Electric
Passenger
Van
Renault H2TECH

Drivable
Range
462 mi

Battery/Fuel
Tank Size
33 gal. gasoline

Battery
Charging Power
N/A

170 mi

110.4 kWh

13.2 kW

311 mi

33 kWh
6 kg H2

N/A

40-Foot Buses
40-foot buses are commonly seen as public transportation buses or school buses.
They tend to travel short routes but can travel long ranges as well. For example, bus routes
on Clemson University’s campus range from 3 miles to 30 miles. An electric alternative to
the ICE 40-foot bus is the Proterra ZX5 Electric bus and a hydrogen alternative is the
Toyota Sora bus [72] [73]. Figure 5.4 shows an example of a 40-foot passenger bus and
comparison data for the three models is shown in Table 5.3.

Figure 5.4 40-foot Bus on Clemson University’s Campus [74]
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Table 5.3 Vehicle Comparison Passenger Bus
Vehicle
ElDorado
EZ Rider II
Proterra
ZX5
Toyota Sora

Drivable
Range

Battery/Fuel
Tank Size

Battery
Charging Power

320 mi

80 gal. diesel

N/A

329 mi

675 kWh

135 kW

300 mi

235 kWh
600 liters H2

Not Specified

Sports Utility Vehicles (SUVs)
Fleets often have SUVs due to their versatility, safety, and hauling capabilities.
These vehicles are small enough for everyday use, but also spacious enough to move
equipment or people. Figure 5.5 shows a common SUV on roads in the United States.
Though there are not a lot of alternative vehicles in this category at the time of writing this
thesis, there are several companies that have made press releases for vehicles that will be
released in the coming years, making this a growing sector of EV adoption since it allows
buyers to purchase a vehicle that fits their needs. An electric option, currently not available
in the United States, for this class of vehicles is the Mercedes-Benz EQV Minivan. A
hydrogen alternative is the GM HydroGen3. Table 5.4 compares the specifications of all
three models [75].

Figure 5.5 Dodge Grand Caravan [76]
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Table 5.4 Vehicle Comparison SUV
Vehicle
Dodge
Grand
Caravan
MercedesBenz EQV
Minivan
GM
HydroGen3

Drivable
Range

Battery/Fuel
Tank Size

Battery
Charging Power

320 mi

20 gal. gasoline

N/A

250 mi

90 kWh

Not Specified

250 mi

4.6 kg H2

N/A

Panel Vans
Panel vans can be classified as two different types of vans for the scope of this
study. Figure 5.6 shows two examples of panel vans included in the study. Table 5.5
compares three different fuel types for panel vans [77] [71].

Figure 5.6 Two Types of Panel Vans [77] [78]
Table 5.5 Vehicle Comparison Panel Vans
Vehicle
Chevy Box
Truck
Ford ETransit
Renault H2TECH

Drivable
Range

Battery/Fuel
Tank Size

Battery
Charging Power

320 mi

31 gal. gasoline

N/A

126 mi

68 kWh

Not Specified

311 mi

33 kWh
6 kg H2

N/A
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Generation Mix
The generation mix for Upstate South Carolina is shown in Figure 5.7. Based on
data in the 2020 IRP published by Duke Energy, they are planning on shifting their
generation mix to more than double the renewable energy present, reducing the reliance on
coal to 1%, and using natural gas to make up the rest of the needed generation [38]. A
projected generation mix for 2030 is shown in Table 5.6.

Figure 5.7 Duke Energy Carolinas Generation Mix [79]
Table 5.6 Projected Energy Generation Mix for 2035 Based on 2020 IRP
Duke Energy Generation Mix
Natural Gas/Fuel Oil
38%
Nuclear
55%
Coal
1%
Hydro and Solar
6%
Emissions By Fuel Type
The carbon emissions per kWh of electricity generation were obtained from the
U.S. Energy Information Administration and the World Nuclear Association and are shown
in Table 5.7.
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Table 5.7 Carbon Emissions by Fuel Type [80] [81]
Carbon Emissions by Fuel Type (lbs/kWh)
Natural Gas/Fuel Oil
0.91
Nuclear
0.004
Coal
2.23
Hydro and Solar
0.001
Emissions for current fuel types were also obtained from the U.S. Energy
Information Administration and are presented in Table 5.8.
Table 5.8 Carbon Emissions by Fuel Type [82]
Carbon Emissions by Fuel Type (lbs/gal)
Gasoline
19.6
Diesel
22.4

Results
Vehicle Driving Data
The studied fleet is made up of the categories of vehicles mentioned previously.
However, the makes and models of each vehicle are undisclosed for privacy. Table 5.9
details data for vehicles used in this study as well as the calculated annual carbon emissions.
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Table 5.9 Vehicle Annual Data
Vehicle
Type
Shuttle Bus
Passenger
Van
40-foot Bus
SUV
Panel Van

Number
of
Vehicles
13

Average
Miles
Driven
9,122

Average Fuel
Used (Gal)

Fuel
Type

1,485.08

Gas

Total Tons
Carbon Emitted
(short ton)
192.18

5

13,358

2,033.1

Gas

99.62

2
2
4

9,938
9,152
17,787

2,484.3
610.3
2013.2

Diesel
Gas
Gas

55.65
11.96
78.92
438.33

Total Annual Carbon Emissions (short ton)

Based on the miles driven by each vehicle type, and the drivable range of the
battery, the minimum number of annual charge cycles required was calculated and is shown
in Table 5.10. Using the number of annual charges required and the battery size in kWh,
the total charging demand for the year can be calculated. Results are shown for each vehicle
type in Table 5.10.
Table 5.10 Vehicle Annual Charge Statistics
Vehicle
Shuttle Bus
Passenger Van
40-foot Bus
SUV
Panel Van

Yearly Charges Per
Vehicle
87
79
31
37
142

Yearly Charging
Demand Per
Vehicle (kWh)
11,049
5,372
20,925
3,330
12,780

After calculating the annual charging demand, the generation mix presented
previously can be used to calculate how much of the vehicle charging demand comes from
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each fuel type. Emissions were then calculated using the conversion factors in Table 5.7
and converted to short tons.
Though this may not be the exact generation mix that runs all the time for the utility,
the majority of vehicles in this fleet run only during the evenings, meaning that they can
charge during the day when more renewables are present in the generation mix. In this
case, the emissions could be slightly less than the emissions calculated for each vehicle
type, but since no data was available on the generation mix for daytime hours, the total
generation mix was used.
2021 Decarbonization
The annual carbon emissions by vehicle type are presented in Table 5.11 using the
generation mix given in Figure 5.7. The resulting emissions if this fleet changes to electric
vehicles are 17.8% of the original emissions for the fleet in 2020.
Table 5.11 Carbon Emissions by EV Type 2021
Carbon Emissions
(short ton)
45.84
8.60
13.31
2.13
8.16

Vehicle
Shuttle Bus
Passenger Van
40-foot Bus
SUV
Panel Van
Total

78.04

2035 Decarbonization
The annual carbon emissions by vehicle type are presented in Table 5.12 using the
generation mix given in Table 5.6. The resulting emissions if this fleet changes to electric
vehicles are 10.3% of the original emissions for the fleet in 2035.
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Table 5.12 Carbon Emissions by EV Type 2035
Carbon Emissions
(short ton)
26.50
4.95
7.72
1.23
4.72

Vehicle
Shuttle Bus
Passenger Van
40-foot Bus
SUV
Panel Van
Total

45.12

If the fleet converts to EVs between the years 2021 and 2035 with the same EVs in
both scenarios, they will have estimated carbon savings between 82% and 90% due to the
change in the utility generation mix during that time. Regardless of the adoption year, EVs
will produce fewer emissions than current ICE vehicles used for this study which aids fleets
with net-zero goals in meeting deadlines.
Hydrogen Vehicles
Though emissions are drastically reduced by using electric vehicles, they are not
completely eliminated since the emissions of an electric vehicle are only as low as the
emissions of the generation mix used by the utility. Though multiple utilities, including the
utility that serves Clemson, South Carolina, have pledged to have net-zero generation by
2050, it is possible to still have emissions. This is because utilities do not have to have zero
generation emissions to be considered net-zero if they offset the emissions produced in
another way.
To completely avoid emissions due to utility generation, this fleet could be
transitioned to use hydrogen-power vehicles instead. However, hydrogen is also only as
clean as the energy used to produce it. For this specific case, it was assumed that hydrogen
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used was green due to the capacity for the university to utilize an on-site electrolyzer
powered solely by solar energy to fuel vehicles and certain buildings on campus. Though
the university can utilize these vehicles to meet their goals, they may need to use EVs
instead simply to make the business case viable. However, not every individual or fleet has
the capability of procuring hydrogen in the required amounts, especially if procuring green
hydrogen. Therefore, EVs will likely be a more viable solution for individuals and fleets
that wish to convert existing vehicles to have fewer emissions.
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CHAPTER SIX
RESIDENTIAL FEEDER CASE STUDY
Overview
As mentioned in Chapter 1, a CAPER-sponsored project was introduced to analyze
how electric vehicle penetration will create system vulnerabilities and impact Integrated
Resource Planning (IRP). After determining system vulnerabilities present on the given
feeder, mitigation strategies including battery storage (BESS), time-of-use (TOU), and
vehicle to grid (V2G) were be considered to determine if and how the economic impact of
EVs can be reduced for IRP studies.
Feeder Introduction
Three distribution feeders were provided by Duke Energy for analysis in this
project. The feeder considered in this thesis, hereafter referred to as CU1, is a heavily
loaded residential feeder in suburban North Carolina. Figure 6.1 shows a representative
schematic for CU1 for reference. This feeder is highly loaded with little room for growth
with a yearly load growth projected at 1%. Due to the proximity to Durham, NC, it is
expected that many residents will purchase electric vehicles by 2035. It is reasonable to
assume that the combination of load growth and electric vehicle penetration will create
several issues along this feeder, especially in later years considered for the study.
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Figure 6.1. Representative Schematic of CU1
Figure 6.2 shows a breakdown of the customer composition for this feeder. Though
CU1 has approximately 90% residential loads based on geographical data, there are still
several features of importance. The eastern half of this feeder contains multiple large
suburban neighborhoods while the western half transitions into rural farmland. There are
several farms serviced by this feeder, giving ample space for any solar farm necessary to
meet the electrical demand of the area. The substation transformer for this feeder does not
contain a load tap changer (LTC), so voltage regulation is performed by a three-phase
regulator located inside of the substation. Due to the length of this feeder, three voltage
regulators are installed downstream at strategic locations. The substation transformer
connected to this distribution feeder also feeds an adjacent feeder that contains its own
voltage regulator at the feeder head due to the lack of an LTC on the transformer itself.
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0.44%
0.58%

9.20%

Residential
Commercial
Industrial
Other

89.78%

Figure 6.2: Customer Composition of CU1
A self-contained feeder model for CU1 was provided in CYME, a power
engineering software by Eaton, by Duke Energy for the year 2020 containing the maximum
yearly spot load for each customer transformer for each phase.
Improvements to Feeder Model
To make the model more representative of the real-world feeder, the substation was
added to the existing model. The substation transformer is often omitted in distribution
models for simplicity. However, the effects on the transformer and LTC are important for
the scope of this project. Transformer test reports were used to model the substation
transformer as accurately as possible without the LTC since this feeder does not include
one. Since the adjacent feeder was also not originally included in the model, it was added
as a lump load using peak load data taken from historic data for that feeder. The number of
customers on the feeder was calculated using a demand ratio since it has a similar
composition to the feeder of interest.
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Regulator settings were obtained from the utility’s supervisory control and data
acquisition (SCADA) system to ensure that the model settings were correct and base cases
were run for comparison to real-world data to confirm accuracy. Results in the simulation
were slightly higher, likely due to the annual peak values for each load being used by the
model rather than average demand, but fell within an acceptable tolerance.
The original customer types given in the self-contained file were residential,
commercial, industrial, and other. However, to improve the accuracy of the model and
determine the best places to add EV and batteries along the feeder, map data from Google
Earth was used to identify other points of interest and expand the list to include churches,
dairy farms, and retail stores as customer types. This allowed for more variations in load,
making the model more accurate to real-world conditions.
In the Long-Term Dynamics (LTD) module within CYME, each customer type can
be given a load curve. Load curves can use P and Q factors of demand and P factor as a
percentage of real power divided by apparent power. This project utilized the P, PF load
curve.
Customer Profiles
Data from the EPRI Load Shape Library was used to develop a load curve for each
customer type [83]. The Load Shape Library contains hourly data for multiple types of
buildings at various geographic locations for any day of the year. Greensboro, NC was
chosen as the location for this project due to its proximity to the actual feeder location.
Summer data was used since the evening peak is more sustained and will likely have more
of an interference with uncoordinated EV charging demand. It is important to note that the
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original data was given in hourly increments and was expanded to 15-minute intervals to
better observe the effects on the system throughout the day. Historical data for the adjacent
feeder was used to develop the load curve for that customer type. The load curve for the
dairy farm was estimated to reach peak demand during morning and evening milking times.
It was further validated using data from a dairy farm in South Africa in [84]. The final
profile for each load type is shown in Figure 6.3.

Figure 6.3. Customer demand profiles used in simulations
Load Growth
Several penetration levels were used for analysis. Many of them occur in the future,
requiring load growth to be considered. The utility’s planning department provided an
expected load growth of 1% annually. The total load growth for a given year was calculated
by multiplying the P factors in the load shape accordingly by 1.01𝑛𝑛 , where 𝑛𝑛 is the number
of years between the model year and the year of observation. An example of how this
affects load shapes is shown in Figure 6.4.
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Figure 6.4. Residential demand profile with 15 years of load growth
Electric Vehicle Grid Integration
The load that an EV charger adds to the grid is determined by several factors. The
charger power level, battery size, drivable range, and state of charge of a given electric
vehicle that plugs into the grid all affect the amount of power required to charge a given
vehicle.
EV Charger Ratios
As mentioned previously, there are two widely adopted charging levels that do not
require isolated infrastructure with a maximum power rating of 2.4 kW and 19.2 kW
respectively. However, the actual power draw of a charger depends on the circuit, vehicle
specifications, and charger specifications. Though there are maximum power ratings for
each level, very few will charge at this rate, often due to safety constraints of the existing
circuit. Therefore, it is reasonable to assume that the actual values will be less than the
maximum values defined by the Society of Automotive Engineers in previous sections.
The assumed charging power for each charging level is presented in Table 6.1.
.
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Level 3 charging allows for much higher rates of power transfer, but it must be
noted that the actual power draw of the charger is highly dependent on the vehicle
connected. For example, the Terra HP third-generation charger can transfer up to 350 kW
with one vehicle connected or 175 kW with two while the Tesla V3 Supercharger can
achieve power transfer rates of up to 250 kW per EV plugged in [85] [86].
Level 3 charge rates are also highly dependent on the amount of money that a
charge station owner is willing to spend on infrastructure since a larger power transfer
capacity requires more robust hardware. Therefore, an average Level 3 charging power of
50 kW was assumed for this study.
Since Level 3 chargers require isolated hardware and extra installation costs to
reach such large charging power levels, homeowners in residential areas are not likely to
install them for personal use. These chargers will likely be available in designated charging
areas such as parking lots or dedicated charging stations. Therefore, a percentage of 0%
Level 3 chargers was used for this study.
Level 1 and Level 2 chargers can be easily installed in residential homes using 120
V and 240 V outlets, so it is largely up to the homeowner to decide which fits their needs.
Level 2 chargers are capable of charging vehicles quicker, but also cost more to install than
the Level 1 charger that comes with an electric vehicle purchase. The existing electrical
wiring of a home will also determine its ability to support a Level 2 charger. With potential
utility incentives for installation of Level 2 chargers considered, it is far more likely for
consumers to adopt Level 2 chargers since they drastically reduce the amount of time
required to charge a vehicle while not requiring a significant amount of extra costs. This is
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currently seen today with Level 2 charging makes up 74% and Level 1 makes up 23.4% of
charging [87]. From this study, the assumptions in Table 6.1 were determined.
Table 6.1. Charging power assumptions
Charging Type

Charing Power
(kW)

Level 1
Level 2
Level 3 (DC Fast)

2
10
50

Percent of
Residential
Charging
20%
80%
0%

EV Charge Durations
The charge cycle duration for an EV battery is highly dependent on the battery size
and state of charge (SOC) at plug-in. Current EVs available on the market were used to
gauge an appropriate battery size for studies performed.
The 2021 Tesla Model X has a 100 kWh battery capable of traveling up to 371
miles on a full charge [88]. Though this is a large battery by 2021 standards, it will likely
be an average, or even small, battery size by the year 2035 as technology improves and
larger batteries are installed in cars. 100 kWh was the chosen battery size for the
generalized electric vehicle model for this reason but was given a worst-case range of 200
miles to observe impacts on the electrical grid. This highly conservative estimate produces
a lower state of charge at plug-in and a longer charging time to reach a full SOC, meaning
that it will have more impacts on the electrical grid. A lower number was also chosen since
the advertised range is often given as an “up to” value whereas the actual range varies on
driving patterns, terrain, and other factors that vary between drivers and location.
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Data from the Bureau of Transportation Statistics (BTS) and vehicle assumptions
above were used to determine an average returning SOC for EV owners. Table 6.2 shows
driving data from the BTS for suburban North Carolina since this best describes the
makeup of the studied feeder. Using this data yields an average SOC of 77% upon returning
home in the evenings. For simplicity, it was assumed that the returning SOC for each
electric vehicle was the same.
Table 6.2. North Carolina average daily miles traveled vehicle trips [89]
State

Mean Census Tract estimate by urban group
Vehicle miles traveled
Vehicle trips
Urban Suburban Rural Urban Suburban Rural

North
32.73
Carolina

46.14

56.81

4.39

5.58

5.41

Charge cycle duration for each charging level can be calculated using the assumed
SOC, battery size, and charging level. Values are listed in Table 6.3.
Table 6.3. Charge duration per charging level
Charging Level
Level 1
Level 2
DC Fast

Duration of Charge
11h 30m
2h 18m
28m
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EV Charge Cycles
Most modern battery chargers, especially chargers for lithium-ion batteries, feature
charging algorithms that ramp up during charge initiation and trickle down after a given
time to prolong the viable life of the battery. Since every EV manufacturer has its own
proprietary charging curve, it is difficult to create a single charge curve that represents all
EVs on the market currently. However, since this study focuses on EV integration for the
integrated resource plan, it was assumed that EV chargers ramp up upon charging initiation,
stay at the power draw given in Table 6.1 for most of the cycle, and then ramp down at
charge completion since it is representative of a worst-case scenario.
During uncoordinated charging scenarios, it is expected that EV owners will plug
in their vehicles immediately upon returning home from work in the evenings. Since not
everyone will return home at the exact same time, whether due to traffic, errands, etc., it is
advantageous to space out the start times in the model for accuracy. Therefore, four charge
curves for each charging level were created. Starting time begins at 5:45 PM with more
vehicles plugging in every 15 minutes. The resulting EV charging load shapes are shown
in Figure 6.5.

Figure 6.5. EV charging load shapes used in simulations
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Integration of EV Spot Loads into CYME Model
To efficiently manipulate the self-contained model, two spot loads representing
Level 1 and Level 2 EV loads were added to each existing spot load. It is important to note
that when no EVs were present at a given spot load, these spot loads were set to 0, so they
did not affect the results of any given scenario. This was done because it eliminated the
need to edit each EV load manually between cases and because CYME’s LTD module only
allows one load curve per customer type.
As mentioned previously, the process of placing EVs along the feeder was
automated. This was done using a MATLAB script that determined the amount of EVs
needed and where each needed to be located for any given penetration. Level 1 and Level
2 spot loads were added wherever needed while iterating through the complete load list for
the feeder. Cases were manipulated by features that controlled the penetration level, home
charging percentage, charging power levels, TOU adoption rates, number of vehicles per
household, and EV application strategies based on load type.
Determination of EV Penetration
Analyzing system vulnerabilities at multiple points between 2021 and 2035 is
important to aid utilities in determining which issues will need to be addressed first. This
will aid them in allocating the proper funding to ensure that these changes are made. 2025,
2030, and 2035 were set as years of observation and 2020 was taken as the base case for
analysis. As mentioned in Chapter 3, the Edison Electric Institute released a report
projecting the stock of EVs to 2030, shown in Figure 3.1. However, the scope of this case
study included years up to 2035, so the projection was extended using the Microsoft Excel
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forecasting tool and converted to percentages using the expected total number of vehicles
on the road. It should be noted that this results in a 2035 average penetration slightly higher
than that projected by [90], but since it presents a worse case that is still realistic, it was
still used. Values in Figure 6.6 represent EV stock in the United States as a percentage of
all vehicles on the road. Other countries and regions will have varying values based on
regional income, available incentives, and the presence of required infrastructure. Figure
6.7 shows the relation of the EV penetration in each North Carolina county to the state
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Year

Figure 6.6. Forecasted EV penetration rates
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Figure 6.7. Penetration levels per county in NC compared to state average [30]
The minimum penetration is 0.0410 times the average for the state of North
Carolina and the maximum penetration is 6.9498 times the average. Variation is expected
across the state of North Carolina based on multiple factors such as access to a large city,
so multiple penetration levels were analyzed for each year to represent a low, average, and
high penetration of EVs for each case. A list of cases is given in Table 6.4.
Table 6.4. Penetration Cases for Vulnerability Identification Studies
Year
2020
2025
2030
2035

1%
2%
5%

EV Penetration
0%
2%
7%
7%
23%
15%
50%

The next important step in analysis was to determine the total number of vehicles
on the feeder. The total number of residential customers served by this feeder was known
from the given self-contained model. The average number of household vehicles in the
United States is 1.9 [91]. For simplicity, it was assumed that each residential customer has
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two vehicles per household and a maximum of one EV out of the two. Though households
that adopt one EV are more likely to purchase a second one since they already have the
infrastructure set up in their household, the penetration reached by households with
multiple EVs may exceed 50% EV penetration for some cases which is unlikely during the
time range of the study.
The final constraint placed on EV penetration levels for this study is the expected
number of EVs to charge from home instead of at the workplace. Based on data in [31], it
was assumed that 80% of EV owners will charge at home while 20% charge at public
charging stations or workplace chargers.
Summary of Electric Vehicle Assumptions
Many assumptions for the system vulnerability assessment are discussed in this
section. For ease of reference, those assumptions are summarized in this section in Table
6.5.
Table 6.5. Summary of Assumptions
Parameter
Feeder Annual Load Growth
Level 1 Charging Power
Level 2 Charging Power
DC Fast Charging Power
Percent Level 1 Charging
Percent Level 2 Charging
Battery Size
Range of Vehicle on Full Charge
State of Charge at Plug in
Percent Charging at Home
Cars per Household
Maximum EVs per Household
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Value
1%
2 kW
10 kW
50 kW
20%
80%
100 kWh
200 mi
77%
80%
2
1

Time of Use Assumptions
Simulations with TOU programs were performed to determine their effectiveness
in reducing system vulnerabilities and reducing the necessary investment in infrastructure
or equipment upgrades along the feeder. Some assumptions that need to be made include
the percentage of customers willing to switch over and use TOU rates and the start time of
these TOU rates.
There are some promising research results when it comes to willingness to adopt
TOU rates. Currently, just 1% of residential customers in North America use TOU rates,
but a major cause of this is that only 5% of utilities provide customers with the option of
using TOU scheduling [92]. A study conducted in Great Britain suggested 39% of people
surveyed were willing to switch to TOU rates if the option was provided to them, while
36% were not willing to switch, even if they could [93]. The Likert scale of results for
willingness to adopt TOU rates is shown in Figure 6.8. Another study examined various
types of TOU rates to determine the likelihood of adoption and how different approaches
may increase the number of customers willing to participate. This study revealed that there
is a large variation in adoption rates but determined they are likely to fall between 1% and
43%, while opt-out TOU rates can potentially see adoption rates upwards of 57% since
customers are automatically enrolled and do not have to seek out TOU programs [62].

Figure 6.8. Variation in willingness to switch to TOU rates
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Based on the statistics provided, two TOU adoption rates were considered for
analysis: a low adoption rate of 10% and a high estimate of 40% adoption rate. For the
remainder of this analysis, the percentage of EV customers actively using TOU scheduling
to shift their EV charging loads to off-peak hours will be known as the TOU adoption rate
for that case. It is important to note that only Level 2 chargers are capable of participating
in TOU scenarios due to the required charging time for a Level 1 charger being so long. If
TOU was adopted by Level 1 chargers as well, it is unlikely that they would be able to
charge to full capacity before the morning if charging begins at midnight, making it
extremely difficult to convince customers to participate. Therefore, it was not considered.
TOU programs will incentivize EV owners to charge during off-peak hours by
reducing electricity costs during those times. Sample energy costs for Duke Energy
Progress are shown in Table 6.6. Source [92] concludes that the best time that aided the
utility by reducing peak loads and voltage problems while also completing a vehicle’s
charge before 7 AM at the latest was between 11PM and 12AM. Another study surveyed
the times customers preferred their vehicles to charge. Those results, shown in Figure 6.9,
indicate that most customers prefer to charge during work hours in the midday or in the
evenings before midnight [94]. Based on this data, the assumed time for the beginning of
off-peak rates is assumed to be 12 AM for this study.
Table 6.6 Costs for Energy for a Residential Customer in Duke Energy Progress [95]
Rate Type
Standard Residential
TOU On-Peak
TOU Off-Peak
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Cost
(¢/kWh)
11.059
24.967
7.508

Figure 6.9. EV customer charging time preferences [94]
The final element of TOU assumptions to be considered is when those customers
who have adopted the TOU rates will initiate the charging of their vehicle within the time
range of off-peak rates. It is expected that many users will program their chargers to begin
charging at the onset of TOU off-peak rates [92]. However, this can create a massive spike
right at the beginning of the off-peak period which can potentially create another
problematic peak. For the sake of presenting a worst-case scenario, it is assumed all users
participating in TOU schemes will initiate EV charging at exactly 12 AM. Those not
participating will charge as assumed in previous sections.
Results
EV Hosting Capacity
To determine the number of EVs that CU1 can support in addition to load growth,
a hosting capacity analysis was done for each milestone year. This analysis mainly focuses
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on equipment overloads at feeder bottlenecks. This includes lines, regulators, and the
transformer at the substation. Table 6.7 shows the maximum number of EVs that can be
supported downstream of these devices. The data in this table assumes that there is a
uniform penetration throughout the feeder and represents the maximum penetration of EVs
that can be supported without significant upgrades for each case.
Table 6.7. Maximum EV penetration based on hosting capacity beyond feeder
bottlenecks
Equipment
Line 1
Line 2
Regulator 1
Regulator 2
Regulator 3
Substation

2025
2.2%
3.7%
13.8%
0%
0%
5.1%

2030
0.2%
1.5%
12.8%
0%
0%
3.3%

2035
0%
0%
11.1%
0%
0%
1.5%

Change in Demand
When the load growth and EV penetration are applied to the feeder as previously
discussed, the demand for each year results in the curves shown in Figure 6.10.
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Figure 6.10. Feeder demand profiles for each year considering assumed EV penetration
levels
The increased peak is due to the initiation of EV charging during peak times. These
graphs assume that all EV chargers will act as constant power draw throughout the charging
cycle and that the charging start times are offset by fifteen minutes. This represents a worstcase scenario for uncoordinated charging.
System Vulnerabilities
Since CU1 was already highly loaded before the consideration of load growth and
EV integration, vulnerabilities were expected. Analysis of this feeder showed multiple
vulnerabilities throughout the feeder including line and equipment overloads as well as
undervoltages. As predicted, the vulnerabilities present increase with each milestone year
observed due to load growth and addition of EVs.
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Table 6.8 shows the maximum demand and number of EVs added for each case
given in Table 6.4. The data shown in this table gives an estimation of the demand increase
expected based on the assumptions described previously.
Table 6.8. Number of EVs added per case and their demand
Year

2025
2030
2035

EV
Penetration
1%
2%
7%
2%
7%
23%
5%
15%
50%

Level
1’s
Added
10
21
73
21
73
238
52
155
518

Level
2’s
Added
41
83
290
83
290
954
207
622
2,073

Peak EV
Demand
(kW)
430
872
3,046
872
3,046
10,016
2,174
6,530
21,766

The graphical version of the results in Table 6.8 are shown in Figure 6.11.
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Figure 6.11. Graph of max EV demand through time per penetration level
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It is important to note that the 2035 50% penetration case for this feeder did not
converge, despite making adjustments to calculation constraints. This was due to the fact
that the load on the feeder became so large that there was a major voltage drop on the feeder
that caused the simulation to collapse. This result is reasonable due to the maximum
uncoordinated EV load exceeding the substation transformer tertiary rating without
considering the remaining load on the feeder. Ultimately, this indicates that without
upgrades or including mitigation strategies mentioned in Chapter 4, this feeder will be
unable to support 50% EV penetration. For the remainder of this case study, the results for
this case are marked as “NC” for non-convergence.
Table 6.9 shows line overloads for each case. The data is presented in terms of the
total combined length of the affected line. This length is important for the comparison of
different mitigation strategies. An affected line is defined as a line with a current greater
than 100% of the given rating.
Table 6.9. Length of overloaded lines per penetration case
Year
2025
2030
2035

Low
Penetration
0 ft
5,654.6 ft
6,970.8 ft

Average
Penetration
0 ft
6,284.7 ft
12,713.0 ft

High
Penetration
6,284.7 ft
18,377.1 ft
NC

Table 6.10 shows equipment overloads for CU1. For this case study, equipment
includes regulators, switches, breakers, and fuses. However, this does not include the
substation transformer or distribution transformers for individual customers. Both of these
are analyzed in a later part of this study.
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Table 6.10. Number of equipment overloads
Year Penetration Regulators Switches Fuses Breakers
Low
2
0
1
0
2025 Average
2
0
1
0
High
3
0
2
0
Low
2
0
1
0
2030 Average
3
0
2
0
High
4
0
3
0
Low
3
0
2
0
2035 Average
4
0
3
0
High
NC
Table 6.11 shows the amount of time that the substation transformer spends in each
of the three cooling modes given by information in the transformer datasheet. The first
rating, oil-air mode (OA), occurs when the load on the transformer is less than 12MW.
Between 12MW and 16MW, the transformer is in forced air (FA) mode. For loads between
16MW and 20MW, the transformer reaches maximum loading and uses forced oil and air
(FOA) cooling. Any load above the FOA maximum of 20MW is considered an overload.
Table 6.11. Substation transformer cooling mode statistics
Year

Penetration

2020

0%
Low
Average
High
Low
Average
High
Low
Average
High

2025
2030
2035

Hours in Each Cooling Mode
OA
FA
FOA Overload
10.25 11.5 2.25
0
9.5
8
6.5
0
9.5
8
6.5
0
9.25
8.25
4.5
3
8.75
6.25
9
0
8.75
6.25
6.5
2.5
8.5
6.25 5.75
3.5
7.75
5.75 7.75
2.75
7.75
5.75
7
3.5
NC
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Figure 6.12 shows the hours in each cooling mode for each of the average
penetration cases in a graphical format.

Figure 6.12. Hours in each cooling mode for average penetration cases
After observing overloads on the substation transformer, undervoltages along the
feeder caused by load increase were analyzed. CYME LTD does not allow the total number
of nodes that experience an undervoltage to be easily obtained, so the voltage on six nodes
was observed. The watched nodes include the upstream side of each voltage regulator as
well as two other nodes throughout the feeder. Figure 6.13 shows the location of each
observed node.
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Figure 6.13. Location of observed nodes along the feeder under study
The total number of watched nodes with abnormalities in each case is recorded in
Table 6.12. Though this data does not outline all the undervoltaged nodes throughout the
feeder, it shows general areas where voltage vulnerabilities may arise along the feeder. For
this study, an undervoltage is any voltage under 0.95 pu or 11.875 kVLL.

Table 6.12. Number of observed nodes (out of six) with voltage abnormalities
Year
2025
2030
2035

Low
Penetration
0
0
1

Average
Penetration
0
0
5
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High
Penetration
0
5
NC

As mentioned previously, this feeder has several voltage regulators dispersed
throughout the line that aid in the avoidance of undervoltages. There are two major factors
that affect the number of tap changes that each regulator has throughout a day: increased
load and increased fluctuation of the load. This likely increase in tap switching events will
increase the wear and tear experienced by equipment, decreasing the lifetime of each
regulator. Table 6.13 shows the total number of tap changes for all regulators.
Table 6.13. Total number of daily tap changes per case
Year
2020
2025
2030
2035

Low
Penetration
143
144
183

Average
Penetration
113
142
169
285

High
Penetration
181
306
NC

Figure 6.14 shows the increase in tap changes from the 2020 base case as a
percentage for each of the cases.

% Increase from 2020

180%
160%
140%
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100%
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20%
0%
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Year

Figure 6.14. Percent increase in total tap changes from 2020 base case
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Time of Use Mitigation
The first step in the time of use mitigation component of this study concerns the
assumptions mentioned previously. This provides a look at how estimated TOU adoption
rates could work with anticipated EV penetration levels to reduce the system
vulnerabilities. It should be noted that for this step of the process only the average EV
penetration level was observed.
First, line overloads are observed using the same process as before. The length of
lines affected by overloads for the average penetration cases are indicated in Table 6.14.
Table 6.14. Length of overloaded lines per TOU adoption case
Year
2025
2030
2035

TOU Adoption Rate
10%
40%
0 ft
0 ft
6,284.7 ft
6,284.7 ft
12,713.0 ft
12,713.0 ft

Comparing these values back to Table 6.9, the length of overloaded lines in the
average cases does not decrease due to these TOU adoption rates. However, loading
percentages do decrease. Table 6.15 looks at one line near the head of the feeder that is one
of the first to overload as penetration and load growth increases. The overload value and
duration are shown for each of the TOU adoption cases.
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Table 6.15. Loading and overload duration on a specific line in each TOU case
Year
2025
2030
2035

TOU
Adoption
0%
10%
40%
0%
10%
40%
0%
10%
40%

Loading
95.3%
94.1%
93.8%
116.0%
113.2%
109.4%
159.0%
148.8%
137.7%

Duration of
Overload
0h
0h
0h
2h 45m
2h 45m
2h 45m
3h 30m
3h 30m
3h 30m

The number of equipment overloads for each of the average cases with the low and
high TOU expected adoption rates are included in Table 6.16.
Table 6.16. Number of equipment overloads per TOU case
TOU
Regulators Switches Fuses Breakers
Adoption
10%
2
0
1
0
2025
40%
2
0
1
0
10%
3
0
2
0
2030
40%
3
0
2
0
10%
4
0
3
0
2035
40%
4
0
3
0
Year

Again, note that the number of overloads does not decrease from the uncoordinated
cases previously presented. However, the magnitude of those overloads does decrease in
most cases, dependent on whether EV customers using TOU scheduling are downstream
of the equipment. One example of this is the regulator near the feeder head. Loading values
for this piece of equipment are shown for each case in Table 6.17.
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Table 6.17. Loading of feeder head regulator in each TOU case
Year
2025
2030
2035

TOU Adoption
0%
10%
40%
0%
10%
40%
0%
10%
40%

Loading
108%
106.5%
106.2%
131.3%
128.3%
123.9%
180.1%
168.5%
155.9%

Cooling mode statistics for the substation transformer may be one of the areas
where the difference between the uncoordinated and TOU cases are most obvious. They
are presented in Table 6.18.
Table 6.18. Substation transformer cooling mode statistics for TOU cases
Year
2025
2030
2035

TOU
Adoption
0%
10%
40%
0%
10%
40%
0%
10%
40%

Hours in Each Cooling Mode
OA
FA
FOA Overload
9.5
8
6.5
0
9.25
8.25
6.5
0
9
8.5
6.5
0
8.75
6.25
6.5
2.5
8.5
6.5
6.5
2.5
7
8
9
0
7.75
5.75
7.75
3.5
7.25
6
7.25
3.5
6.25
5.5
9.25
3

Again, six nodes along the feeder were watched for voltage abnormalities. The
results are shown in Table 6.19.
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Table 6.19. Number of observed nodes (out of six) with voltage abnormalities for TOU
cases
Year

0%
0
0
5

2025
2030
2035

TOU Adoption
10%
0
0
4

40%
0
0
2

There is a noticeable reduction in the number of observed nodes that are
experiencing undervoltage. To better understand these results, the minimum voltage in
each case is shown in Table 6.20.
Table 6.20. Minimum observed voltage in TOU cases
Year
2025
2030
2035

TOU Adoption
0%
10%
40%
0.966 pu
0.966 pu
0.968 pu
0.952 pu
0.954 pu
0.958 pu
0.903 pu
0.916 pu
0.943 pu

Finally, the total number of tap changes throughout the feeder over a period of one
day was observed with the results as shown in Table 6.21.
Table 6.21. Cumulative number of daily tap changes per TOU case
Year
2025
2030
2035

0%
142
169
285

TOU Adoption
10%
142
169
269
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40%
142
163
249

Shown in Figure 6.15 is the graphical comparison of the number of tap changes in
each of the observed years for the uncoordinated case (0%), 10% TOU adoption, and 40%

Total Number of Daily Tap Changes

TOU adoption cases.
300
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40%

150
100
50
0

2025

2030
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Year

Figure 6.15. Comparison of the number of tap changes per TOU case
While TOU scheduling does have some positive effects on the feeder via reducing
overloads and voltage abnormalities, it does not eliminate the vast majority of them. Thus,
it can be said that at the expected EV penetration and estimated TOU adoption rates, the
feeder still requires upgrades or other mitigation strategies.
To complete the TOU analysis, another approach was considered. At the expected
average penetration levels, the necessary percentage of TOU adoption to achieve certain
goals was obtained. This study focuses primarily on eliminating overloads throughout the
feeder. The results are shown in Table 6.22. Though some of the overloads can be negated
using TOU, ones that require over 100% participation in programs will require other
solutions to counteract the load growth present, likely corrected by replacing the physical
component.
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Table 6.22. TOU adoption percentage needed to eliminate overloads on specific
equipment
Equipment
Line 1
Line 2
Regulator 1
Regulator 2
Regulator 3
Substation
Transformer

2025
10%
0%
0%
110%
265%

2030
76%
60%
0%
125%
175%

2035
96%
88%
9%
116%
144%

0%

33%

75%
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CHAPTER SEVEN
DISCUSSION
Chapter 5 details a case study that ultimately shows that the adoption of EVs or
hydrogen vehicles are beneficial to individuals and companies that wish to reduce their
carbon footprint. Though carbon reduction is not the only advantage of EVs, it is the main
advantage advertised. However, many consumers and companies are still wary of adopting
alternative fuels despite the number of advantages that they bring.
It is important to note that for much of the duration of the study in Chapter 5, electric
or hydrogen models for the required vehicle types were simply not available yet. Over the
period of a year, the availability of alternative fuels has increased while costs have begun
to decrease, showing that progress is being made towards reducing the barriers that make
consumers want to wait to adopt EVs. At the time this thesis was completed, there were
still very few hydrogen vehicles on the market that meet the needs of fleets with similar
composition, but the number of medium-duty electric vehicle models available increased
for the same categories.
Though there are many other vehicle types beyond EV and ICE, EVs show the most
promise in terms of innovation and availability since an electric grid is readily available in
most places worldwide. Other fuel types such as compressed natural gas or biofuels still
require refinement and transport to be used, reducing the overall efficiency of these fuels
compared to battery storage of EVs. The barriers to EV adoption, as mentioned in Chapter
3, are significant. However, without more demand for EVs, these barriers will likely not
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diminish in the near future, but without reduction of these critical barriers, EV adoption
will struggle as well.
Net-Zero Goals
Net-Zero goals set by companies are one of the most significant drivers of EV
adoption for vehicular fleets, especially with current EV adoption barriers for all customer
types, including individual consumers. While the number of companies that have
committed to net-zero is growing daily, companies and their investors feel the need to be
at least as sustainable as their competition to keep current customers and continue to reach
environmentally conscious consumers.
These pledges require companies to observe their current practices and determine
areas where emissions can be reduced. Typically, these reductions begin with assets that
the company can control, like energy reduction and fleet transitions outlined in Chapter 5.
Sustainability and reduction of carbon footprints are also important to individual
consumers, especially young consumers, which encourages companies to become more
sustainable as well to remain competitive. Eco-conscious consumers are more likely to
purchase goods and services from businesses and other organizations that have similar
values and stances on major issues like sustainability, incentivizing organizations to
improve their practices to continue to grow and keep current customers.
For current and especially potential university students, mostly young adults
between the ages of 16 and 24, sustainability is becoming an increasingly important factor
for choosing a school, making it imperative for universities to improve their practices [96]
[97]. However, not all assets utilized by a university can be easily changed, such as travel,
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making it important to start with assets that they can more easily control, such as fleet
vehicles, electricity usage, and commuting habits.
As mentioned in Chapter 5, there are several programs currently in place to improve
emissions in some of these categories at Clemson University, but a plan to change the
current vehicular fleet to utilize some type of alternative fuel is not currently in place, hence
the importance of the case study presented. Adding this program will aid in increased
sustainability on campus, potentially improving retention of current students and will boost
the university’s ranking in sustainability surveys, making it more desirable in the eyes of
potential students as well. It is important to note that while Clemson did not rank in the top
50 in The Princeton Review’s Green Colleges survey, North Carolina State University, a
school of similar size and location, was ranked 18 th [98] [99], showing that it is possible for
larger colleges to be as green as other potentially smaller schools as long as they continue
to add sustainability programs and reduce unnecessary use of resources wherever possible.
Adding programs such as EV fleets shown in Chapter 5 on campus will ensure that
potential students continue to see the university as a school that shares their values, making
them more likely to apply and attend in years to come.
Consumer Concerns in EV Adoption
Customers are wary of adopting EVs at their current price tag. Since EVs have just
begun to take off in the last few decades, many manufacturing companies are new and do
not have the same manufacturing quality or efficiency as ICE vehicle manufacturers that
have been around for over a hundred years. This tends to lead to decreased detail in
manufacturing, making vehicles feel poor in quality and of less value for the money
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invested. For these newer companies, or even subsets of existing companies, to improve
their production methods and research new technologies to improve EVs, consumers must
show interest in adopting this new vehicle type.
Metrics such as driving range will be improved as research occurs in battery
technologies. Currently, heavy research is being done on alternative battery chemistries
that allow for more compact energy storage and better recycling methods for used batteries.
However, the lithium-ion battery is still the best for the short term at least. Many consumers
also have concerns about the batteries used in EVs since they use rare earth metals.
However, advancing research into alternative battery chemistries requires funding to be
provided and if companies do not feel that EVs will be profitable, they will not fund
research projects, making developments in technology for EVs slower than it already is.
Consumers are also wary of purchasing EVs due to the availability of charging
infrastructure and the current charging cycle lengths. Without ample charging
infrastructure, EVs are limited to travel distances within the range of a charger. It is
estimated that there are more than 115,000 gas stations as of 2018 in the US to provide
easy access to gasoline and diesel fuels to consumers [100]. Meanwhile, as of 2022, there
are approximately 47,000 public charging stations in the United States with a large number
of them being located in California and very few throughout the Midwest [101]. In addition
to having less than 41% of the infrastructure, EVs have longer refueling times. This means
that consumers must plan their time and trips around this barrier. However, without EV
adoption creating a significant demand for charging infrastructure, it will likely not exist,
making it less advantageous for consumers to adopt EVs. The demand for EV charging,
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especially in public areas will incentivize companies to install the extra required
infrastructure to utilize Level 3 charging since it has shown to be profitable to install
chargers in that area and will allow vehicles to charge more quickly.
Electric Vehicle Adoption Strategies for Consumers
In all three of these examples, both sides rely on each other, potentially creating a
stalemate for future EV and alternative fuels development if no intervention occurs to
incentivize at least one group to move forward. Therefore, to further the adoption of EVs
into modern society, the perception of electric vehicles by consumers must change.
Though EV sales have increased over the last decade, the demographic adopting
these vehicles has remained largely the same with the majority of EV owners identifying
as males between the ages of 40 and 55 that make more than $100,000 annually [102].
However, for mainstream adoption of EVs, more demographics will need to be reached.
Addressing EV Misconceptions
Many have a misconception that EVs are not efficient or that they do not operate
any cleaner than their ICE counterparts. However, this is not the case. While the first
electric models had short ranges, most newer vehicle models can cover at least 200 miles
on a single charge due to increased battery efficiency, making it possible to drive electric
vehicles more like their counterparts without significantly worrying about charging station
locations [102].
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Though EVs do have lingering emissions due to power generation, they do not have
the same magnitude of emissions that their gasoline and diesel counterparts do. Table 7.1
shows the generation mix for the entire United States power grid for the year 2020. Though
there is still a heavy reliance on coal and fossil fuels currently, this generation mix will
change annually, especially as more utilities pledge to be net-zero by 2050. There is a
requirement for excess generation capacity to meet demand set by EVs, but with the
installation of large renewable generation plants and increase of rooftop solar generation,
dependence on coal and other fossil fuels will dissipate over time, making fewer emissions
per kWh for the consumers using the grid to charge.
Table 7.1: United States Generation Mix 2020 [103]
Generation Type
Natural Gas
Coal
Other Fossil Fuels
Nuclear
Wind
Hydropower
Solar
Biomass
Geothermal
Other

Percentage
40.5%
19.3%
0.8%
19.7%
8.4%
7.3%
2.3%
1.4%
0.4%
0.3%

Many standalone charging stations and fleet charging areas may not even require a
grid connection. Depending on the available space in an area, charging stations can utilize
their solar farms to generate power for charging independent of the grid. This would
remove almost all emissions from EVs, only leaving the incredibly small footprint of solar
panel manufacturing. Though charging at these stations may be more expensive than using
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stations that connect to the grid due to added costs of solar panel installation, they will still
have fewer emissions than current vehicles.
In addition to the carbon savings, there will be less impact on existing ecosystems,
assuming that solar panels are installed sustainably, since oil and other fuels will not require
as many pipelines and trucks for transport, reducing the likelihood of oil spills.
State and Federal Incentives
Buyers value affordability in terms of lower purchase prices, lower operating costs,
and federal/state support [102]. The implementation of EV incentives will lower the cost
of EVs, making them more affordable for consumers. In turn, this will show companies
that there is an expanding market for this technology and facilitate increased research while
saving the consumer money. Incentives will also increase demand for charging
infrastructure, especially in poorer areas, which will also increase the rate of EV adoption.
For example, the federal government currently has a federal tax credit for new
BEVs and PHEVs that refunds up to $7,500 [104]. The amount of credit received depends
on the battery capacity, but all BEVs are eligible for the full refund amount until the
manufacturer reaches 200,000 EV sales [104]. Incentives are available for both consumers
and companies to attempt to rapidly expand EV adoption and charging. The Tennessee
Valley Authority and the Tennessee Department of Environment and Conservation have
partnered to fund the addition of fast charging stations every fifty miles along the major
highways and interstates [105]. This $20 million project would add at least 50 new stations
in an area with large infrastructure gaps [105].
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Sustainability Goals
While net-zero goals encourage companies and higher learning institutions to
adopt alternative fuel types, similar goals can also encourage consumers to do the same,
especially among eco-conscious consumers. When consumers set sustainability goals,
they are likely to reduce their reliance on petroleum vehicles and utilize alternative forms
of transportation when possible. This becomes a prime opportunity to encourage
consumers to adopt EVs, especially as cost decreases or other incentives are provided to
reduce the financial impact of an EV purchase.
Layered Adoption
Many consumers are wary of making the switch from their current ICE vehicle to
a fully electric vehicle, despite the advantages given simply because they like their vehicle
the way it is. For these consumers, the adoption of PHEV, hydrogen, or biofuel vehicles
may prove to be more advantageous since they still reduce emissions while performing
similarly to traditional ICE vehicles.
Vehicle Renting and Rideshare Programs
One key concern for the adoption of EVs among younger adults is the fact that they
may not be able to afford EVs due to debt or low wages, making them likely to seek out
older models of vehicles if they seek one at all. In fact, many adults in this age group opt
for using public transportation instead of owning their own vehicles [102]. To reach these
demographics and other wary consumers, rideshare programs, like Uber, or EV rentals may
be favorable. This allows consumers that rarely need access to a vehicle to travel without
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tailpipe emissions and allows hesitant customers to test drive an EV for a period of time
before making a large purchase.
Consumer Roles in Increased Grid Vulnerabilities
As seen in Chapter 6, a combination of load growth and EV adoption will require
increased energy generation and create system vulnerabilities on residential feeders in the
form of undervoltages and increased tap changes on regulators to mitigate fluctuations.
With the benefits of EVs outlined thus far, it is not reasonable to assume that consumers
will not adopt EVs in the coming years, especially as the effects of climate change become
more prevalent. Therefore, it is critical for utilities to find ways to mitigate these issues
before they arise.
Electric Vehicle Mitigation Programs for Utilities
When discussing EV integration on the grid, the topic of shifting consumer
behavior often arises. However, changing the behavior of consumers can be difficult,
especially without the use of heavy incentives.
Vehicle to Grid Programs
Though not detailed quantitatively in this thesis, V2G programs have benefits for
utilities since they can utilize the already stored energy from vehicle batteries to mitigate
grid fluctuations. These programs are easy for consumers to participate in as long as
locations are available near participant homes or workplaces. An electric shuttle bus can
also be provided if participants need to commute beyond walking distance to their
destination from the V2G lot. To encourage consumers to participate in this program,
compensation will be required to offset the increased wear and tear on the vehicle batteries
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from V2G cycles. Participants will also expect a full charge at the end of their participation
time and V2G algorithms will likely need to keep a minimum charge of at least 30%-40%
in case an emergency arises and a participant needs to disconnect before the end of the
V2G cycle.
The major downside of using V2G to mitigate grid vulnerabilities is the fact that
while customers participate in these programs during normal conditions, the extra
generation may not be available during a major event. During and just before storm events,
consumers are less likely to participate in V2G programs and charge their EVs to 100%
SOC so that they can evacuate or use their car as a power source if the need arises.
Time-of-Use Programs
Time-Of-Use can also be easily implemented by consumers since it shifts the
charge cycle of an EV or large household appliances to start at a different point in the day.
However, the off-peak times for utilities may not be convenient for customers, especially
if they require physically plugging in an appliance or EV during the workday or the middle
of the night. Many utilities currently offer TOU programs for residential households.
Products such as smart thermostats can be programmed to automatically set to a certain
temperature during off-peak times to save homeowners money without having to
physically change what they are doing at the time. This also allows for more effective use
of dynamic TOU schedules since the calculation is left to an algorithm rather than a human.
However, incentives for changing habitual behavior must be implemented to encourage
customers to participate. These incentives can be in the form of electricity bill reduction,
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rebates, or tax credits, but the consumer must feel like their efforts are compensated to
make changes to their schedule.
In addition to state and federal incentives for EVs outlined in the last section,
utilities are also offering incentives for installation of certain types of chargers. A program
for Dominion Energy Virginia rewards customers annually for installing a Level 2 Wi-Fi
capable EV charger and an additional reward for charging during off-peak hours during
“demand response events” [106]. These types of programs are common among utilities,
especially in areas where EV adoption is growing rapidly to mitigate overloads in the short
term until long-term infrastructure is installed.
The study presented in Chapter 6 shows that TOU programs alone are unable to
mitigate all of the vulnerabilities caused by EV charging on the power grid. Though TOU
does show some promise in reducing load in the short term, allowing utilities to make more
comprehensive plans to upgrade existing circuits, it will require at least one other
mitigation strategy to fully combat vulnerabilities. In addition to not solving all grid
vulnerabilities, when looking at the effects of TOU on distribution equipment, it is
important to realize that there will be a certain percentage of adoption that provides
maximum benefit to utilities without creating equipment overloads during off-peak times
as demand shifts.
In addition to not being able to counteract all of the potential vulnerabilities, TOU
programs on the scale required to make a case for adoption will likely require utilities to
increase the number of customers displaced during a load-shedding event since there is less
generation capacity compared to the potential load. An important example where this type
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of displacement might occur is during a major weather event. During an extreme event,
customers are more likely to increase their demand during times that they may not do
during normal TOU conditions. This can put extra strain on the grid, causing load-shedding
programs to be invoked more frequently and at a higher scale than on the current grid,
causing more customers to go without power for longer time periods.
Behind-the-Meter Batteries
The concept of Virtual Power Plants (VPPs) has emerged recently with the adoption
of behind-the-meter batteries such as Tesla Powerwalls. VPPs often consist of batteries and
other forms of distributed energy generation, discussed in Chapter 2, that mimic the
performance of a traditional power plant without being centralized. Behind-the-Meter
batteries, especially when used in conjunction with rooftop solar panels, can draw excess
generation from the grid during peak solar generation, raising the lowest point of the duck
curve in Figure 2.2, and discharging during peak times.
In order to have a battery backup for emergencies, environmental concerns, and
reducing costs, consumers are willing to install these batteries [107]. However, if they did
not feed energy back to the grid, these batteries would likely go months without
discharging. Instead, feeding the power back to the grid acts as a form of TOU
implementation since it effectively shifts the peak of a household with a battery to a
different point in the day, thereby lowering the demand during peak times. Behind-theMeter batteries in tandem with TOU rates given by the utility allow consumers to save
more money while aiding the grid in regulation. Though this may not be the best thing for
the utility in terms of revenue, it can reduce the amount of generation needed during peak
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times, which can save the utility money in other sectors. This method also allows spinning
reserves, which can be costly to operate, to remain offline as much as possible.
Behind-the-Meter battery programs from utilities operate similarly to V2G
programs, but by using batteries such as the Tesla Powerwall rather than EVs. However,
behind-the-meter batteries cannot move or disconnect, making it easier for the utility to use
them for load-shedding operations since they can act as a VPP [108].
Smart Chargers
To effectively convince consumers to adopt the programs mentioned previously,
the changes they need to make must be simple. Though changing demand times sounds
easy in theory, it can be difficult for consumers to adopt this practice in real life when they
have busy schedules and may not be available to make the needed changes at the right time.
Trying to convince customers to plug in their EV at midnight is far more difficult than
convincing them to plug in their EV when they get home in the evening. This is where
smart chargers can be extremely beneficial to consumers. These chargers can be
programmed to begin charging EVs or behind-the-meter batteries at a set time, such as 11
PM, and will operate correctly as long as the vehicle is physically plugged in at initiation.
The vehicle can be plugged in for any length of time before that point without affecting the
SOC of the battery, making it easier for EV owners to participate in programs.
Setting the smart charger to begin charging at a certain time in accordance with
static TOU rates is easy enough, but future smart chargers can potentially utilize algorithms
that predict the best possible rates during a given period, likely set by the user, or based on
their driving patterns, making dynamic TOU programs more popular for consumers. The
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implementation of smart chargers can also make programs such as V2G more viable by
making it easier for consumers to opt into available programs from their smartphones.
Smart chargers can also be used to monitor grid conditions and adjust charging rates in
real-time to reduce power draw from the grid [109].
Value to the Integrated Resource Plan
Postponement of Grid Upgrades
Data from the San Diego Gas and Electric Unit Cost Guide was used to create an
estimated price for equipment upgrades [110]. Table 7.2 shows several important values
utilized for this estimation.
Table 7.2. Estimated unit costs for equipment upgrades
Equipment
28MVA Substation Transformer
Overhead Reconductoring (Rural)
Voltage Regulator

Unit Cost
$1.25 million
$253/ft
$614,300

Table 7.3 uses results from Chapter 6 and data from the previous table to calculate
an estimate for the total upgrade costs per milestone year assuming no mitigation strategies
are utilized.
Table 7.3. Estimated system upgrade costs for average penetration cases
Year
2025
2030
2035

EV
Penetration
2%
7%
15%
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Cost of Equipment
Upgrades
$1.23 million
$4.68 million
$7.54 million

While the results of the case study presented in Chapter 6 did not show the longterm success of TOU programs, they were able to reduce the magnitude and duration of
feeder overloads. However, TOU did show success in mitigating overloads due to EV in
the short term, which allows utility planners to postpone upgrades to determine the best
course of action for each specific part of a feeder without having to upgrade everything at
once. Based on this observation, it is likely that TOU programs will be more beneficial if
used in addition to another mitigation strategy such as batteries or equipment upgrades.
However, use of TOU programs for large numbers of customers should only be
utilized as the main mitigation form for short periods of time since it can be more difficult
to mitigate grid problems without control of generation or demand for those areas. If using
TOU, the generation capacity should still be oversized to account for scenarios where TOU
customers may still demand a significant amount of energy, such as storms or other major
events.
Postponement of New Generation Plants
In Chapter 6, it was shown that there was increased load on the feeder that requires
mitigation. In addition to the mitigation of feeder vulnerabilities, utilities will need to
increase the generation capacity available as the load increases over time. Figure 7.1 shows
the additional generation that is required for each of the milestone years beyond 2020 when
varying amounts of customers participate in EV TOU programs.
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Additional Generation Needed
Beyond 2020 (kVA)
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Figure 7.1 Additional Generation Required at Varying TOU Participation Percentages
It is assumed that the utility will need to build generation plants to account for the
extra generation required in each case. The capital values for building peaking generation
plants are shown in Table 7.4.
Table 7.4 Capital Costs for Peaking Generation Plants [111]
Generation Type

Capital Costs ($/kW)
$2,471
$2,796

Natural Gas
Pumped Hydro

Using the capital costs given in Table 7.4, the total cost of adding new generation
plants to account for required generation can be calculated. The total costs for building new
generation for each TOU participation level in the year 2035 are shown in Table 7.5. For
capacity to account for growth to the year 2035, EV TOU has the ability to save between
$2 million and $12.4 million based on the reduction in peak power draw. It should be noted
that the operation and maintenance costs of the fuel types shown in Table 7.4 will increase
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the costs beyond the capital costs given in Table 7.5 and that TOU will result in a loss of
revenue for the utility. However, it is possible that the revenue loss from TOU will still be
less than the costs associated with the construction and operation of a new power plant.
Regardless, for TOU programs to be significantly helpful in reducing grid vulnerabilities
due to EV, it will need to be utilized in addition to another mitigation strategy.
Table 7.5 Total Capital Cost for Additional Generation
Generation Type
Natural Gas
Pumped Hydro

Cost Without
TOU
$69 million
$78 million

Cost With 10%
TOU
$67 million
$76 million
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Cost With 40%
TOU
$57 million
$64 million

CHAPTER EIGHT
CONCLUSION
The first chapters of this thesis introduce electric vehicles as well as their advantages and
disadvantages in terms of consumer adoption. The first study presented analyzes the conversion of
an existing vehicular fleet to electric to determine how well this conversion helps Clemson
University achieve its net-zero goals but can be analyzed as an example for any corporate or
university fleet with a similar makeup, or as a guide for consumers looking to confirm that an EV
will reduce their emissions. This study shows that despite the barriers to adoption, EVs are
beneficial in terms of aiding companies in meeting net-zero goals.
Seeing that there are significant advantages to adopting EVs for consumers and businesses,
especially in terms of environmental goals, several programs to increase the rate of adoption were
proposed to provide incentives for individual consumers to pursue EVs despite the current
adoption barriers.
The second study presented shows that as more consumers adopt EVs, more grid
vulnerabilities will arise in terms of overloads, undervoltages, and increased regulator switching.
It also shows that TOU programs will be able to mitigate some overloads, especially in the short
term, allowing utilities to postpone urgent upgrades in favor of more strategic long-term upgrades,
but cannot be the only solution utilized in the long term since they are unable to mitigate all of the
vulnerabilities caused by EVs. This study shows TOU programs will be much more beneficial to
utilities if used in addition with traditional upgrades or battery storage systems since it still
provides some amount of overload reduction, but not enough to be used by itself to mitigate grid
problems. In addition to still requiring new generation, TOU programs can also put a strain on grid
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operations, potentially making it more difficult to dispatch enough generation during emergency
scenarios.
In order to encourage customers to participate in TOU programs, utilities should implement
TOU schemes as opt-out programs to make it simpler for consumers to enroll since many do not
actively seek these programs out. To make it easier for consumers to participate in TOU programs,
utilities should consider pairing TOU schemes with smart chargers for EVs and behind-the-meter
batteries to reduce the amount of time and energy that a consumer must put into these programs
while participating. The more TOU programs resemble traditional residential service, likely
through smart devices, the more likely consumers are to participate since it makes these programs
more accessible for those who may not be able to start EV charging at specific times, especially
during the night. With TOU programs only providing marginal benefit for utilities, especially at
adoption rates that would not cause overloads during other parts of the day due to load shifting,
other alternative strategies for consumer participation in vulnerability mitigation were also
proposed.
Future Studies
Monetary figures were not given for the University Fleet case study due to availability of
vehicles. Many of the vehicles mentioned are just beginning to be available on the market, and
therefore do not have easy access to pricing like other vehicles and requesting quotes was not
possible for most of the vehicles. When the costs for these vehicles becomes more available, a
future study to determine how EVs fit into the business case for a fleet would be beneficial to
create a more complete picture of how EVs fit in terms of costs.
A significant concern for utilities when considering TOU programs is the revenue loss due
to reduced bills for participants, strengthening the argument against using TOU programs to
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mitigate grid vulnerabilities due to EV adoption. However, the loss of revenue from TOU
programs may still be less than the cost of construction and operation of another peaking power
plant. This revenue loss was not considered in this thesis due to the complexity of modeling this
scenario with the data provided by the utility. A future study with more information about the
demand curves of customers who actively participate in TOU programs with annual TOU customer
rates would be beneficial in determining the exact amount of revenue lost by this mitigation
strategy.
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